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CHAPTER 1 General Introduction. 
In recent years much progress has been made in the understanding of 
the fundamental properties of semiconductors and in the technology of 
producing pure semiconductor materials and well defined semiconductor 
interfaces. Much of this effort has been stimulated by the impact of 
semiconductor technology on the present state of art of very large scale 
integration (VLSI) and the search for even more reliable and even more 
potent circuitry. Where in the recent past there was much interest in 
the potential of superconductors for the fabrication of very fast 
devices based on Josephson junctions, the emphasis now is on the re-
alisation of such fast devices out of semiconductor compounds as the 
III-V compound GaAs [l ,2]. 
Among the favorable material properties of GaAs are the direct gap, 
although relatively large, and the very high mobility of the electron-
lilce charge carriers in the almost parabolic conduction band of this 
weakly polar semiconductor [3]. These properties have allowed the use 
of GaAs for the development of the GaAs solid state laser. 
A significant step forward was the development of techniques to fa-
bricate well defined interfaces: With modern molecular beam epitaxy and 
chemical vapour phase deposition, artifical multilayer structures can be 
grown with composition and structure controlled to within a single 
atomic layer. Por AlGaAs and GaAs, very well defined heterojunctions 
have been made due to the almost perfect lattice matching between these 
two different materials. The number of charge carriers confined at the 
AlGaAs-GaAs interface can be made very high by appropriately doping the 
AlGaAs, whereas the scattering rate will be effectively reduced because 
the charge carriers reside within the GaAs close to the interface; with 
the unusually high electron densities obtained in such AlGaAs-GaAs 
heterojunctions, screening becomes important, so that the impurities are 
less effective in scattering. At present, mobilities in the conduction 
band as high as 2x10 cm /Vs have been achieved [l,2]. 
The electron gas, confined in the GaAs at the interface with the 
AlGaAs, is a particularly fine example of a two dimensional electron 
gas, and as such, an important object for the study of the fundamental 
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properties of low dimensional systems. It is especially convenient, 
that dimensionality effects in this system can be unraveled by direct 
comparison with the properties of electrons in bulk GaAs [4]. 
In this thesis, we will report on an investigation of the electronic 
properties of the conduction band in high mobility GaAs and AlGaAs-GaAs 
heterostructures. To characterize the charge carrier system, we have 
used standard techniques as the investigation in magnetic fields of the 
Hall resistance, of the Shubnikov-de Haas oscillations and of cyclotron 
resonance (CR) absorption. The measurements of the magneto-transport 
properties by means of the Hall- and Shubnikov-de Haas effect yields the 
density and mobility of the charge carriers, and the position of the 
Fermi energy. 
The CR measurements give us the effective mass of the charge car­
riers. CR is most easily understood in terms of the Landau levels that 
result from the quantization of the states of electrons moving freely 
but in a magnetic field: The kinetic energy of the electrons in the 
direction perpendicular to the magnetic field is quantized into equidis­
tant Landau levels; the level spacing increases linearly with the field 
and is inversely proportional to the electron mass. Excitation of the 
electron from one to the next higher Landau level with electromagnetic 
radiation takes place when the energy of the incident radiation hv coin­
cides with the Landau level spacing ίιω ; the mass of the electron ra can 
be determined from the value of the magnetic field at which resonance 
takes place with the given energy of the incident radiation: 
m = eíiB/hv. 
The CR absorption by the charge carriers in a semiconductor crystal 
can be understood in quite the same way; but now, the effective mass m 
may be very much different from the free electron mass, in fact for con-
duction band electrons in GaAs or in AlGaAs-GaAs heterojunctions 
in s 0.07 m ; also, the spacing between the Landau levels ίιω is no 
o e
 г
 с 
longer a perfectly linear function of B, and Ήω may also be different 
for the two different spin directions [5]. The departure from linearity 
may be caused by bandstructure effects that lead to non parabolicity of 
the electronic bands, and by the interaction of the electrons with the 
phonon system; most prominent is the interaction with the longitudinal 
optical phonon: the polaron effect [б]. For GaAs, the non parabolicity 
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of the conduction band is small and the polaron interaction is very 
weak, so that only ч detailed analysis of the CR at high magnetic fields 
may allow to resolve these two effects. Despite of its weakness, the 
polaron interaction at high magnetic fields, where the Landau level 
spacing ΐιω becomes equal to the energy of the optical phonon &ω.
η
, has 
a marked effect on the Landau level spacing. In this case, the CR will 
•i"Vl i 
reveal the hybridisation of the η Landau level at an energy (η+ττ)ϊιω 
th ¿ o 
with the (n-1 ) Landau level due to the formation of an electron state 
plus a single optical phonon, when (η-χ)ΐιω + fiux.» approaches (η-ντΟϊιω . 
The strength of the hybridisation due to the resonant polaron effect is 
a measure of the Fröhlich electron-phonon coupling parameter a. 
We have also managed to resolve the CR for spin-up and spin-down 
transitions, and the analysis of the field dependence of the spin split-
ting leads to a better description of the actual bandstructure, e.g. non 
parabolicity of the band. We will show, that the splitting of the CR, 
in contrast to the CR itself, is not affected by polaron effects. The 
strength of the actual splitting observed, is therefore a more accurate 
measure for the determination of the conduction band parameters needed 
for bandstructure calculations as the well known k»p model approach [7J. 
The energy of the optical phonon in GaAs is about 37 meV, and one can 
. * 
estimate with ΐΐω = еЬ /т that Landau level transitions will occur at 
с о 
this energy for magnetic fields of about 20 Τ (Tesla). This is a con­
siderable magnetic field: The maximum field that can be obtained with 
iron-core electro-magnets is approximately 3 T, magnets of very sophis­
ticated design, made of Nb Sn and V,Ga superconductors may reach a field 
of about 17 T; Bitter magnets and polyhelix magnets consuming a power of 
order 10 MW can generate static fields of 20 Τ and very recently even 
25 T, although at these fields a marked reduction of power requirements, 
or an equivalent increase of the field range can be obtained using hy­
brid magnet designs. 
All experiments described in this thesis were performed at the High 
Field Magnet Laboratory of the University of Nijmegen. The measurements 
were performed either in one of the Bitter magnets, or in the hybrid 
magnet system, consisting of a large bore NbTi superconducting magnet 
surrounding a two segment Bitter coil with a room temperature access of 
32 mm. This magnet can generate 25 Τ at б MW power input when 8 Τ is 
3 
generated by the superconducting coil. Two Bitter magnets generating 
15 Τ in a bore of 60 mm, and one Bitter magnet generating 20 Τ in 32 mm 
are in operation. In the nearby future, a second hybrid magnet will be 
set up, in which a field of over 30 Τ may be obtained. 
For the strengths of magnetic field available, we can also estimate 
the energy of radiation at which CR for the conduction band electrons of 
GaAs will occur: For a field of about 10 T, resonance will take place 
for radiation with an energy of about 10 meV and with a wavelength of 
about 100 μιη, this is in the wavelength regime of the far infrared (FIR) 
[β]. FIR radiation can be generated very conveniently using a Michelson 
interferometer with a spectral range from λ = Юцт to λ = 1.2 mm, but 
the spectra obtained with such an interferometer are only of limited 
resolution [9]· This is quite a disadvantage for CR investigations on a 
high mobility system. A much higher resolution and radiation of much 
higher power can be obtained by using a FIR molecular laser, optically 
pumped by a C0 ? laser, but for a conventional system, the laser line 
spectrum has a short wavelength cutoff already at λ = 40 μια [IO]. We 
have been able to extend the spectral range to shorter laser lines and 
this enabled us to study the resonant polaron effect that, from the con­
dition hv = ^ т п a nd for the case of GaAs, is expected near λ = 30 μπι. 
This thesis is organised as follows; Chapter 2 describes in some de­
tail the FIR molecular laser system developed for the generation of FIR 
radiation in the extended spectral range, 30 μιη < λ < 1 mm: The FIR 
waveguide type laser cavity is equipped with a BaF» Brewster window that 
allows the incoupling of the CO. radiation and efficient outcoupling of 
FIR radiation of the short wavelengths; the lightpipes and mirrors of 
the laser cavity can be rapidly replaced to make the most efficient 
set-up for the generation of FIR radiation in the range of wavelengths 
of interest. A systematical reinvestigation of the FIR laser medium 
CH OH (methanol) and its isotopie derivate CD^OH has resulted in a 
number of new FIR laser lines of short wavelengths, on which we report 
in the paper of Section (2-5)· 
The result of our CR investigations on the conduction band electrons 
of bulk GaAs and of the 2-dimensional AlGaAs-GaAs system is reported in 
the Chapters 3 and 4. In Chapter 3, Section (3-2), the polaron effect 
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on the CR of electrons in the conduction band and of electrons localised 
at shallow impurities is investigated. The CR data show unambiguously, 
that at high fields, near the resonance with the optical phonon, the CR 
effective mass is effectively enhanced due to the polaron induced hybri­
disation of the relevant Landau levels. In Section (З-З) we extend this 
study to the case of the 2-dimensional electron system of AlGaAs-GaAs 
heterojunctions, and we give a quantitative analysis of the polaron ef­
fect in bulk GaAs and in the AlGaAs-GaAs system. The CR data, up to 
those measured at the highest field, are reasonably well described for 
both the bulk GaAs and the AlGaAs-GaAs system. In our calculation we 
apply a simple model for the effect of the weak band non parabolicity, 
and in the case of the confined electron system of the heterojunction, 
take screening and wavefunction effects into account. Additionally it 
is quite important to include band non parabolicity in the second order 
perturbation Ansatz of the Fröhlich Hamiltonian for the calculation of 
the polaron interaction. Still, a more sophisticated model for the cal-
culation of the actual bandstructure effects, than the 2-band k«p model 
applied here, will be needed. 
Chapter 4 gives an analysis of the field splitting of the spin-up and 
spin-down CR in bulk GaAs. First, experimental and theoretical argu-
ments are given that the polaron interaction will only weakly affect the 
splitting of the CR. The k'p model is introduced, and the magnitude of 
the spin splitting is calculated from the k«p interaction of the conduc-
tion band with neighbouring electron and hole like bands. The 2- and 
3-band approaches predict a smaller value for the spin splitting than 
experimentally observed, and we suggest that the accuracy of such k»p 
calculations is significantly enhanced when interaction with the higher 
conduction bands is included. In Section (4-4) we apply the result of a 
rigorous 5-band model calculation to the data of the spin splitting, and 
a set of band parameters is given representative for the conduction band 
of GaAs. 
Finally in Chapter 5, we report on an investigation of transport pro-
perties of the interface electron layer in AlGaAs-GaAs heterojunctions 
using CR combined with magneto-transport measurements. First, a study 
of CR and of the Shubnikov-de Haas oscillation in (n-n) AlGaAs-GaAs 
heterojunctions is presented. These heterojunctions were grown with 
5 
standard techniques and could not be prepared with good quality inter-
faces, for reasons that were at first not well understood; the mobility 
of the charge carriers at low temperature was found to be extremely low. 
From the analysis of our measurements, the interface could be character-
ized and it was found to contain a large number of impurities that lead 
to freezing out of the charge carriers at the interface. In Section 
(5-3), we present a study of the CR induced photoconductivity signal of 
AlGaAs-GaAs heterojunctions with charge carriers of high mobility, and 
with transverse resistivity showing the quantum Hall effect. We show 
that the photoresistivity divided by the temperature coefficient of the 
resistivity, will very well reproduce the CR signal as observed in the 
transmission of the incident radiation. 
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CHAPTER 2 Optically pumped FIR laser system for the extended 
wavelength regime from λ = 30 μτη up to λ = 1 mm. 
2-1 Introduction. 
The optically pumped far infrared (FIR) laser system (introduced Ъу 
Chang and Bridges [l]) has now hecome a widely used source of radiation 
in the sutiraillimetre wavelength regime. To date, thousands of laser 
lines, generated in some tens of different gases and with wavelengths 
covering a very large part of the FIR spectrum, can be obtained with 
this type of laser system [2]. 
For applications like FIR spectroscopy, we need a laser system that 
can produce a lot of FIR lines of sufficient intensity in a broad range 
of the FIR spectrum. By far the broadest spectrum is obtained from opt­
ical pumping of molecular gases by a low pressure C0_ laser. This pump 
source, in combination with a FIR laser with a cavity of the waveguide 
[3] or the Fabry-Perot open resonator type [l], forms the laser system 
most suitable for applications like FIR spectroscopy. The FIR spectrum 
that can be obtained with such a system, however, has a rigorous cutoff 
at the short wavelength side, in the case of waveguide FIR lasers due to 
the use of quartz filters (cutoff at λ * 40 μπι), and in the case of open 
resonator type lasers due to the use of a diffraction filter (not effi­
cient in the short wavelength region). The cutoff imposed by the filter 
system can be brought down to about 30 \m by using a BaF. reflection 
filter instead. 
In Sections (2-2) and (2-3) we will describe in some detail our FIR 
laser system that was developed for FIR spectroscopy in the extended 
wavelength regime from λ = 30 μη to above λ = 1 mm. 
We will illustrate the principle of laser action from optically ex­
cited rotational-vibrational levels of the famous molecule methanol. We 
will focus on the question which filter should be used for the outcou-
pling of the laser lines for best performance in both the short, and the 
long FIR wavelength regime. 
It will be shown that our laser system will cover an extended range 
of the FIR spectrum, when simply the waveguides and mirrors of the FIR 
9 
laser cavity are replaced, and when either a BaF, Brewster window or a 
quartz window is used as outcoupling filter; it so provides a convenient 
instrument for spectroscopic investigations, such as in Chapters 3, 4, 
and 5 of this thesis, over a wide range of wavelengths. In Section 
(2-3) transmission data are given of some selected window materials use­
ful for applications in the infrared (IR) and FIR. In Section (2-4) our 
experience with the generation of short wavelength laser lines 
( λ < 60 μπι) will Ъе summarised in a list of strong and stähle CW laser 
lines. Finally, Section (2-5) gives a reprint of our paper "New laser 
lines with wavelengths from λ. » 61 .7 μπι down to λ " 27·7 μΐη in optically 
pumped CH OH and CD,0H". 
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2-2 The FIR laser system. 
2-2.1 The C0 2 laser. 
The most common laser medium used for lasers in the IR is the gas 
CO,. Excitation of the vibrational-rotational levels of the CO. 
molecule allows very efficient laser action around a wavelength of 
λ = 10 \m [4], and because m many molecular gases a fundamental vibra­
tional mode is found with a frequency v/c = 1000 cm , a large number of 
laser mediums are found that can be optically pumped by a CO- laser. 
In our C0„ laser [5], the C0„ molecule is excited with an electric 
glow discharge in a low pressure mixture of the gases N_( He, and СО«. 
The laser cavity is of the open resonator design, and the most important 
technical details are given below and in Fig. 1. 
The cavity of the CO- laser is about 2 m long. At one side there is 
a spherical mirror with radius of curvature of 10 m, it is made from a 
CO 2 LASER 
FIR cavity 
1) 
/) 
з) 
и) 
s) 
ì 6 ) 
τ) 
β) 
"s) 
10) 
11) 
№ 
'13S 
' i l 
mirror adjustment 
CdTe outcoupling mirror 
vacuum bellow 
ZnSe brewster window 
cathode 
discharge tube 
water jacket 
anode 
quarti bars 
diffraction grating 
pieio electric translator 
mm mg chamber 
(low meters 
needle valve 
Figure 1: Sahematia outline of the CO. laser, the radiation eouroe used for optical 
pumping of the FIR molecular laser. 
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CdTe single crystal and coated to give a partial reflection of 10%, so 
that it serves also as outcoupling window for IR radiation. The other 
side of the cavity is defined by a plane mirror consisting of a diffrac-
tion grating with 150 lines/mm. The grating is optimized to give at 
least 9B% reflection in the first order diffraction peak and it is built 
in a pivot mounting which provides the adjustment of the proper diffrac-
tion angle for the selected wavelength. The spherical window is mounted 
with a vacuum tight seal directly to the quartz discharge tube; at the 
other end a ZnSe Brewster window provides the vacuum seal. A premixed 
gas of 10% CO-, 20% He, and 10% Np is continuously flowing through the 
12 mm diameter and 1.5 m long discharge tube at a stable, low pressure 
of about 25 Torr. A voltage of 6 kV is applied across two half segments 
of the tube and this will then give a homogeneous and stable glow 
discharge in the gas. The discharge tube is cooled by water flowing in 
the outer cooling jacket. 
A rigid connection of the spherical mirror with the pivot mounting of 
the diffraction grating is provided by three quartz bars, selected be-
cause of their low thermal expansion and stability in stray magnetic 
fields. The laser line is selected with a micrometer setting which 
determines the angle of the diffraction grating with respect to the opt-
ical axis, and so the apparent grating periodicity of the mirror. The 
cavity is then tuned to the selected laser wavelength within the free 
spectral range of the laser cavity (=75 MHz) with a piezo-electric 
translator which allows translations of the grating over distances of up 
to 8 |im. 
With this construction, our CO. laser can be tuned to over 90 lines, 
with a CW power typically of the order of 25 W. Most important for the 
purpose of optical pumping, however, is the stability of the frequency 
of the pump laser radiation; the output power of the FIR laser depends 
very sensitively on the frequency of the pump radiation. We did not 
choose active frequency stabilisation, but found that it was sufficient 
to take good care of the following points: - Both cavity mirrors must be 
accurately aligned with respect to each other and with the axis of the 
discharge tube. - The Brewster window has to be accurately plan paral-
lel and much bigger than the diameter of the tube, and it should be 
cooled sufficiently well, for example by a grid. When these details are 
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properly looked after, our CO. laser system generates IR radiation of 
constant power, and with a frequency drift (e.g. determined from the 
sharp onset of FIR laser action when the C0? pump radiation is tuned 
slightly off resonance from the appropriate pump transition) negligible 
on a long time scale, and smaller than 1 MHz on a short time scale. 
Therefore, active stabilisation of the frequency was not needed. 
2-2.2 The FIR molecular laser. 
2-2.2a The laser medium, the case of methanol. 
Laser action occurring due to optical pumping of a molecular gas can 
be understood by considering the energy spectrum of the molecule in a 
simple 3-level model of groundstate, highest, and intermediate level, 
and assuming high dipole transition probabilities. Laser action may oc-
cur in the molecular gas when, by means of resonant optical pumping of 
the molecules from the groundstate to the highest state, a population 
inversion is obtained of the molecules in the highest and intermediate 
states. For a real molecule, however, the energy spectrum will be much 
more complicated than the 3-level scheme, and laser action from a large 
number of vibrational-rotational transitions can be found. We will il-
lustrate this for the case of the methanol molecule and its isotopie 
dérivâtes (molecules, especially well known for their rich FIR laser 
spectrum accessible through optical pumping by a CO. laser [2]). We 
will focus on the question which of the isotopie variations of CH,0H 
will be best suited for generation of FIR laser lines of short 
wavelengths. 
The CH,0H molecule is schematically shown in Fig. 2. The relevant IR 
and FIR active modes are indicated by ν, ω,and Q; ν represents the fun­
damental CO stretching mode with frequency v/c = 1000 cm ; ω represents 
the overall rotation around the center of gravity, associated with the 
quantum numbers J of the total angular momentum, К of its projection on 
the CO axis, and the z-component m; and finally, Q denotes the hindered 
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CH30H 
Figure 2: Sehematie outline of the 
CH^OH-moleaule ehotnng the modes v> 
ω and Q, and the dipoi e mámente μ· 
and μ relevant for optically 
pwiped laser action in the FIB. 
rotation of the OH-group with respect to the CH,-group, with the 
corresponding quantum numbers η and τ. High dipole transition probabil­
ities are guaranteed by the permanent dipole moment along the CO-axis, 
μ , for transitions with ΔΚ»0 and AJ=0,±1, and by the dipole moment μ 
in the case of ΔΚ=±1 , ЬпЮ, or Δνΐ [б]. In methanol and all its isoto­
pie dérivâtes these three modes (ν, ω, and Ω) are only weakly coupled, 
and for the present discussion, the corresponding energy spectra will be 
investigated separately. 
The frequency of the CO stretching mode overlaps nicely with the fre­
quency of the pump radiation of the C0 p laser [7], and therefore, 
resonant pumping will mainly lead to transitions with ν : 0+1. 
The overall rotational energy E can be expressed in terms of the 
ω
 2 
quantum numbers J and К as E /he - Aj(j+l) + BK . For methanol and deu-
" -1 -1 
terated methanol typical values are A = 0.8 cm and В = 3.5 cm , and 
in the case of optical pumping J and К are typically of the order of 
J,К = 15 [б]. Using the selection rule for dipole transitions, 
AJ,AK-0,±1, we then find ΔΕ /he = 80 cm" . Laser lines from stimulated 
emission between these overall rotational levels are therefore expected 
to have wavelengths in excess of λ = 100 μιη; and indeed hundreds of FIR 
laser lines with λ > 100 μιη are reported in methanol and its isotopie 
dérivâtes, several lines with wavelength even larger than 1 mm. 
H 
Short wavelength laser lines however, can be expected from transi­
tions with Δη=-1 for transitions between the internal rotational energy 
levels E . Neglecting asymmetry of the molecule and centrifugal distor­
tion, E is given by the Matthieu equation [θ]: E^hc = V,<1-Зсозу> + 
F<P >, where V is the height of the potential hindering the rotation of 
the OH-group with respect to the CH,, F the inverse of the reduced 
momentum of inertia multiplied by fi/4itc, and γ the relative angle of ro­
tation entering in the expectation values of the potential and the 
kinetic energy. We will discuss this equation in a simple harmonic os-
9 2 
cillator (HO) approximation: <1 - Зсозу> is then approximated by -^γ > 
HO 
and this leads to a HO spectrum E with equidistant energy levels of 
quantum number η and 3-fold degenerate (τ=1,2,3)· For dipole transi-
HO 1 /9 ΗΩ 
tions we obtain ΔΕ = 3(V,F) . Table 1 gives the values for ΔΕ 
evaluated for CH OH and the three isotopie dérivâtes CD OH, CH OD, and 
CD OD; the values for V and F are taken from Ref. [9]. 
Table 1 : Internal rotational transitions 
HO ΔΕ for η : 0+1, evaluated in the harmonic 
oscillator approximation. 
CH_OH CD.OH CH,OD CD_OD 
3 3 3 3 
ΔΕ" 0 [cm - 1] 302 286 236 216 
12 12 
From this evaluation С Η,ΟΗ and С D,0H are found to be very good can­
didates for generating short wavelength laser lines. Similar values for 
HO ΔΕ as indicated in Table 1 are expected for the corresponding 
1 ? 1 ^  
molecules where С is substituted by С L^]· ^ o r short wavelength 
13 13 laser lines therefore, С Η,ΟΗ and С D,OH will be good candidates as 
well. The HO approximation however, overestimates the energy of the 
hindered rotation; from a more elaborate analysis of the Matthieu equa­
tion for the case of С H_OH [9] an average transition energy (for 
η : 0*1, and averaging over К and τ) of about 245 cm is found, 0.85 
HO 
times the value obtained for ΔΕ . For the isotopie dérivâtes of 
methanol a similar reduction of the transition energy can be expected. 
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From the foregoing arguments, we now may conclude that laser action 
in methanol and its dérivâtes from pure overall rotational transitions 
occur with wavelengths λ>100 \¡M', laser action from the overall and 
internal rotational transitions occur at about 40 μπι, and in the case of 
CH,0H and CD,0H even at wavelengths as low as 30 μιη. 
2-2.2b The waveguide cavity. 
The FIR laser cavity consists of an about 1 m long lightpipe between 
two flat mirrors of 25 mm diameter. Axial incoupling of the IR radia­
tion into the cavity, and outcoupling of the FIR, is achieved using 
holes in the centers of the cavity mirrors. The linearly polarised C0_ 
pump radiation is focused with a lens of 25 mm focal length and is 
passed through a BaF? incoupling window, placed under the Brewster angle 
for the IR radiation. One of the mirrors is connected to a motor driven 
differential screw stage to facilitate adjusting the length of the cavi­
ty. The whole system is vacuum sealed, and the FIR-active gas is con­
tinuously pumped through the cavity; the pressure is controlled by means 
of a needle valve. The lightpipe and the two mirrors are mounted in 
such a way that they can be easily replaced. 
It is found that, for highly efficient laser action in the wavelength 
regime of interest [il], the material and the diameter of the lightpipe 
have to be chosen carefully. Fig. 3 shows the FIR output power (in ar­
bitrary units) obtained for four laser lines with short wavelengths, for 
a 13 mm diameter Pyrex waveguide, for quartz waveguides of diameter 13, 
10, and 6 mm, and for a gold coated brass, metallic waveguide, respec­
tively. The output power depends rather unsystematically on the 
wavelength and on the waveguide diameter, but we also found a signifi­
cant spread of the output power between runs with the same waveguide. 
Except for the high outputs observed for one of the wavelengths in the 
б mm quartz and the 10 mm metallic waveguides, the overall average per­
formance is best with the pyrex tube of 13 mm as cavity waveguide. This 
waveguide was therefore deemed best for our purpose of spectroscopy in 
the short wavelength FIR regime up to λ « 200 μιη. For FIR radiation of 
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Figure 3: FIR output power for laser linee at 4 different uavelengths, obtained in 
a waveguide FIR laeer aith lightpipee of different material and tube diameter. 
wavelengths λ > 200 μπι, a gold coated brass tube of 25 nun diameter is 
used. 
The performance of the FIR laser in the wavelength regime of in­
terest, also depends strongly on the actual diameter of the coupling 
hole and on the filter system that must separate the strong IR pump ra­
diation at λ = 10 μπι from the generated FIR radiation. A more detailed 
discussion of the performance of different filter systems is given in 
the next Section. Here, we will shortly mention the filtering actually 
used in our FIR waveguide laser system: 
For laser action at wavelengths larger than 200 μη, we use an incoupling 
mirror for the C0_ radiation with a hole of about 1 mm diameter. The 
generated FIR radiation is coupled out of the cavity at the other side 
through a second mirror with a hole of about 2.5 mm diameter. A single 
crystal quartz window filters the FIR from the IR pump radiation. 
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For laser action at wavelengths 50 μια < λ < 200 цт, the same mirrors and 
quartz outcoupling window are used, but the metallic waveguide is re­
placed by the Pyrex lightpipe. 
For laser action at 30 цт < λ < 60 μπι, however, we use an inooupling 
mirror with a hole of about 2 mm diameter, and replace the second mirror 
by one without a hole. In this case, the incoupling hole is at the same 
time used as the outcoupling hole for the FIR radiation. Аз shown in 
the schematic outline of the FIR waveguide laser for short wavelengths, 
in Fig. 4, the filtering of the FIR from the IR radiation is achieved 
with the BaFp crystal, using the strong wavelength dependence of its re­
flection coefficient. The use of a BaFp Brewster window, and the possi­
bility of rapid replacement of lightpipes and cavity mirrors, make this 
FIR laser cavity very convenient for applications where efficient laser 
action is demanded in the extended FIR, ranging from wavelengths larger 
than 1 mm, down to a wavelength of JO цт. 
Mirror 2 
Waveguide 
Mirror! 
ng hole 
BaFj (Brewster) 
I(co2) 
Figure 4: Schematic outline of the FIR waveguide laser·. In this set-up, the same 
coupling hole is used for the incoming IR radiation from the COj pump laser and for 
the outcoming FIR radiation. With the BaF, Brewster window, selective outcoupling of 
the FIR radiation is achieved. 
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2-3 Filters and optical windows for the IR and FIR. 
2-3.1 IR/FIR filter units. 
A very essential component of optically pumped FIR lasers is the 
filtering that separates the weak FIR radiation from the intense IR pump 
radiation. A variety of different designs has been proposed [l2]¡ how-
ever, none of them is found to be applicable over the entire range of 
FIR wavelengths covered by optically pumped FIR lasers, and only by us-
ing a combination of filter systems, highly efficient filtering in the 
extended range of FIR is obtained. We will discuss the filtering per-
formance of the quartz tranamiasion filter, the Chang-type diffraction 
filter, and the BaF~ reflection filter, and the reasons why, in the FIR 
laser system described above, we have chosen a combination of a quartz 
and a BaF_ filter. 
The performance of the filter system will be judged according to the 
following requirements: 
The filters have to stand the high power of the pump radiation, (in our 
case of an axially pumped cavity with incident pump power of about 20 V, 
and coupling holes of 2-3 mm, the intensity of the C0_ radiation re-
2 2 fleeted back from the cavity is about 10 W/cm at a distance of a few 
cm from the outcoupling mirror.) 
The suppression of the IR radiation after passing the filter unit must 
be better than a factor of about 10 , so that the residual power of the 
IR radiation will be below 10 μν. 
It must be possible to use the filter unit with coupling systems of 
large diameter. 
Finally, the FIR radiation must pass the filters with high efficiency. 
2-3.1a Quartz filter. 
Quartz single crystals are commonly used as outcoupling window for 
FIR lasers; this window allows to construct a very efficient and compact 
filter unit: the IR radiation is strongly rejected due to the high ab­
sorption coefficient and reflectivity at λ * 10 μη, and the transmit-
tance for FIR radiation of wavelength λ > 50 μΐη is high. For λ > 50 μια 
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therefore, quartz single crystals meet all the requirements given ahove. 
However, for radiation of wavelengths λ < 50 μπι, the outcoupling effi­
ciency becomes rapidly worse, and due to Reststrahlen absorption the 
transraittance becomes too low for λ < 40 pm. 
2-3.1b Diffraction filter. 
Another widely used IK/FIR filter is the diffraction filter of the 
Chang design [l]. A schematic diagram is shown in the inset of Pig. 5; 
with this technique, a mirror with a hole of diameter d„ is placed at an 
-1 -
-2 -
u. 
-A -
-5 
Figure 5: Filtering of FIR radiation of wavelength λ = 30 μη from the IR radiation 
of \ = 10 \gn by diffraction. The filtering effiaienay η_„ (the ratio of reflected 
over incident FIR pouer) as a function of coupling hole diameter d is calculated for 
a = 10 im and the ratio of reflected over incident pouer η„ - 10' for the IR ra­
diation. 
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angle of 45 with the cavity axis, at a distance ζ from the outcoupling 
hole of diameter d in the cavity mirror. The hole diameter d„ is so 
с И 
big that almost all of the CO. beam reflected back from the cavity, will 
pass through this hole (usually, the same hole will be used for incou-
pling of the COp pump radiation as well). The longer wavelength 7IR ra­
diation, however, is more strongly diffracted at the outcoupling hole 
than the IR radiation, it will be partly reflected by the mirror, and in 
this way the separation of the FIR from the IR radiation is achieved. 
The efficiency TW-D» defined as the ratio of the reflected over the in­
cident power of the FIR radiation, depends strongly on the wavelength of 
the radiation and the diameter d of the coupling hole; the diffraction 
с 
angle Φ- at short distance ζ from the outcoupling hole is for a Gaussian 
2 2 3 
beam (with 1/e -point 0.5d ): tan(4D) « ζλ /d . This result is used to 
calculate the efficiency ть
т в
 0
^
 a
 diffraction filter as a function of 
the coupling hole diameter d for FIR radiation with wavelength 
C
 -5 
λ - 30 \ш; the hole diameter dM is chosen so that only a fraction 10 
of the IR beam (λ » 10μιη) may fall on the mirror. 
Fig. 5 shows the' result of this calculation for a distance 
о 
eter (Ц. (right hand scale) are plotted as a function of the coupling 
hole diameter d . Литп i 3 found to be largest for a small outcoupling 
hole: for small d іЪт-о * 0.28 and decreases with increasing d ; for 
large outcoupling holes η--- - 10" (equal to the imposed IR suppression 
factor). For a 2 mm diameter coupling hole we find from Fig. 5, 
η„ _ = 1.3*10 and d« * 5 mm. A diffraction filter is not very effi­
cient at short wavelengths, and will be even of lower efficiency when 
used with outcoupling holes of diameter over 2 mm. But in the case of 
FIR radiation with longer wavelengths, λ > 100 pm, an efficiency close 
to 30% can be obtained. 
2-3.1c BaF reflection filter. 
Because of the shortcomings of quartz and diffraction filters at 
short FIR wavelengths, we developed a new type of filter: a reflection 
filter for the short FIR wavelengths. The key component of this IR/FIR 
filter unit is a BaF, single crystal located in front of the FIR cavity 
ζ =10 mm: The efficiency factor \
Т
т, (left hand scale), and the diam-
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and placed at the Brewster angle *„ for the linearly polarised CO. radi­
ation (Φ- = 54.3 )• The BaF? crystal ia the entrance window for the CO-
pump radiation, but also the filter for separating the FIR from the IR 
radiation coupled out of the cavity; this is shown schematically in 
Fig. 4 and in the inset of Fig. 6. The filtering characteristics of the 
BaF- single crystal are determined, on the one hand, by its good 
transmittance in the IR (at λ = 10 μιη), and on the other hand, its high 
reflectivity in the FIR (30 цт < λ < 60 μιη). The optical properties of 
BaF« depend strongly on the wavelength in this regime, due to the 
10 20 30 АО 50 60 
А(рт) 
Figure 6: Reflectivity of a BaF. single aryetal for an angle of incidence fc = 
SÍ.3 (Brewster angle at \ - 10 \inl ae a function of wavelength, for polarisation of 
E parallel (R ) and perpendicular (R ) to the plane of incidence. The inset shows 
schematically the principle of IR/FIR filtering by means of reflection at the BaF 
Brewster window; note that the polarisation of CO„-radiation is parallel to the plane 
of incidence. 
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infrared active, transverse optical mode at λ = 54 pm [i?] (Reststrahlen 
band). The reflectivity of BaF? can be determined quantitatively by ap­
plying classical dispersion theory; the relevant parameters for the fre­
quencies and the damping factors of the optical mode are given in Ref. 
[13]. Once the complex dielectric constant is given, it is straightfor­
ward to calculate the dependence of the reflectivity on wavelength, an­
gle of incidence, and on the direction of polarisation [14]· 
The result of this calculation is shown in Fig. 6: the reflectivity 
is plotted of a BaF« single crystal for oblique incidence at 
Φ " Фд
 =
 54.З , for polarisation of the radiation parallel and perpen­
dicular to the plane of incidence, and аз a function of the wavelength λ 
of the incident radiation. For 30pm < λ < 60 \m, reflection at the BaF» 
crystal is found to be strong and almost independent of the polarisa­
tion, the reflectivity is close to \00% at λ = 35 μπι. For the CO. radi­
ation at λ = 10 μη, however, the reflectivity for the component of the 
radiation with parallel polarisation is vanishingly small (Brewster an­
gle). In our system, the CO. radiation has indeed a strong linear po­
larisation, because the CO. laser is equiped with a Brewster window in­
side the resonating cavity, and the reflections at the metallic mirrors 
in the FIR laser cavity are at normal incidence so that the initial po­
larisation is not disturbed. Therefore, the CO, radiation is transmit­
ted in both directions through the BaF, window, while the FIR radiation 
(at 30 \m < λ < 60 \m) is strongly reflected, almost independent of its 
polarisation. 
We conclude that the BaF. Brewster window is a very efficient IR/FIR 
filter, applicable with cavity coupling systems of large diameter, and 
it is capable to stand high radiation densities. However, care has to 
be taken that the BaF. window is properly aligned at Ф
и
 = 54.3 , and 
that the incident pump radiation is along the optical axis of the laser 
cavity. In the FIR laser cavity set-up for short wavelength outcou-
pling, described above, the IR contamination of the FIR output (i.e. the 
power of IR radiation, reflected at the BaF. window, and not absorbed in 
the TPX, poly-4-methylpentene-1 , vacuum window) is measured to be less 
than 1 μΥί. This represents a suppression of more than six orders of 
magnitude with respect to the incident CO. pump power. 
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2-3.1d Comparison of the IR/FIR filter systems. 
Fig. 7 shows the measured FIR output power at short wavelengths, ob­
tained with laser set-ups with respectivily a transmission filter 
(quartz window), a diffraction filter (of the Chang-design), and a re­
flection filter (BaF- Brewster window). The quartz and BaF. filters 
were used in the waveguide (WG) system equiped with a Pyrex tube of 
13 mm diameter; the diffraction filter is used with an open resonator 
Fabry-Perot (FP) FIR laser system. The FP laser allows smaller coupling 
holes (d = 1 mm) and is therefore better suited for IR/FIR filtering by 
diffraction. The FIR output power is normalized on the output power of 
the BaF. window laser system at the different wavelengths; the lines 
through the data points are to guide the eye. 
Д6.7 422 399 379 34.3 
A(pm) 
Figure 7: normalized output power at 4 different laser linea obtained from FIR 
laser eyetems of reepectively waveguide (WG) type, with SaF„ reflection filter, or 
quartz transmission filter, and of Fabry-Perot (FP) type with punched mirror diffrac­
tion filter. 
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At these short wavelengths, the BaF, filter is significantly more ef­
ficient than the transmission or diffraction filters. At λ > 50 μπι, 
when the BaF2 filter is no longer effective (see Fig. 6 ) , the quartz WG 
system is expected to give the highest output power; FP laser systems 
have in general a weaker output than VG systems [il]. The comhination 
of BaF2 and quartz windows as IR/FIR filters for a FIR waveguide laser, 
therefore provides highest output power in the extended FIR of 
wavelengths 30 μπι < λ < 1 min. 
2-3.2 Window materials. 
Several optical systems make use of passive optical components as 
transmission windows with low pass or high pass filter characteristics. 
The FIR waveguide laser, described above, is equiped with a vacuum 
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sealed window of TPX; this TPX is the exit window for the FIR radiation 
reflected at the BaF Brewster window (see Fig. 4). The TPX behaves as 
a low pass filter, blocking the CO» radiation and transmitting the FIR 
radiation. 
Fig. 8 shows the transmission of TPX (of 2 mm thickness) measured as 
a function of the wavelength of CO- radiation; the labeling of the 
corresponding CO. transitions is indicated on the upper axis. Due to 
the use of more than 90 CO. laser lines with spacing typically of order 
1 .3 cm , an almost continuous scan of the wavelengths is obtained. The 
spectrum of Fig. θ reveals very sharp absorption edges corresponding to 
a drop in the transmission of several orders of magnitude within only a 
few cm . Possibly, this is caused by some IR active modes of weakly 
bound molecules, or small size molecular clusters. Whatever causes this 
100 -
50 -
: \ X ..... 
\ X--A" 
1 »ч 1 * I 
TPX 1mm 
PE 0.1 mm 
KRS-5 2mm 
KBR 3 mm 
quartz 2mm 
30 до 50 60 
λ (jjm) 
Figure 9: Tranemieeion of innàow materiale euited for the FIR, ae a function of 
uavelength. The data have been meaeured using FIR laser lines at short wavelengths 
(30 μη < χ < 60 fin). 
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resonance phenomenon, TPX can be used as blocking filter for CCL· radia­
tion, with good performance (transmission of less than 0.5^ for a window 
of 2 mm thickness) in the 9R-, half of the 9P-, and almost the whole 
10P-band. Note however, that IR radiation of quite low intensity will 
already damage the TPX window. 
The measured transmission in the FIR of TPX and 4 other materials is 
shown in Fig. 9; TPX and PE (polyethylene) show high transmission over 
the entire wavelength range 30 μπι < λ < 60 μιη. For higher wavelengths 
the transmission is found to increase even more and both materials are 
therefore excellently suited for (low cost) transmission windows in the 
extended FIR. The single crystals KBr, KRS-5 (Tl[Br,l]), and quartz, 
have high transmission at λ < 35 μπ, λ < 55 μπι, and λ > 50 \m respec­
tively. Useful applications as optical components for short wavelength 
FIR are: precision lenses and coating support in case of KRS-5, and 
also, using the strongly wavelength dependent transmission shown in Fig. 
9, one can easily and rapidly identify FIR laser lines by simply measur­
ing their transmission through KBr, KRS-5, and quartz single crystals. 
More details about the optical properties of single crystals at the 
IR and short wavelength FIR can be found in Ref. [l5], their applica­
tions as low and high pass filters in Ref. [іб], and window materials 
suited best for the FIR are given in Ref. [17,18]. 
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2-4 List of laser lines of good performance. 
In most applications of molecular FIR lasers, like FIR spectroscopy, 
laser lines with high and stable output power are required, that can be 
obtained in CW operation and with low CO., pump power. To date, more 
than 1000 laser lines are known in some tens of different molecular 
gases; but unfortunately, the majority of these lines are not of good 
performance, and selecting the well suited lines, often turns out to be 
very laborious. For reason of simplification of this selection pro­
cedure, we will give a list of those FIR lines, that we have found to be 
LASER LINES OF GOOD PERFORMANCE -
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Figure 10: Laeev tinea of good pevformanae generated in a FIR waveguide laser 
equiped with a BaF. reflection filter. The wavelength ie indicated, with an aaouracy 
of Δλ/λ= O.St, 0.05%, and better than 10' for numbers given with 3 digita, 4 di­
gita, and 4 digita with on aster isk, reapeetively. The FIR laser mediums are CH,0H 
Im), CHjOD Im^), and CDjOH (m3). 
2Θ 
of best performance for spectroscopy experimenta. 
Fig. 10 gives a number of selected FIR laser lines with wavelengths 
χ < 60 μρ. These laser lines are found to be of good performance when 
generated in the FIR laser system described earlier, in the set-up where 
the FIR radiation is reflected at the BaF. crystal. The laser lines in 
Fig. 10 are marked by their wavelength, the FIR laser medium, and the 
C0_ transition of the pump laser. 
The wavelength is indicated with 3 digits when the relative accuracy 
is 0.5Í, with 4 digits when 0.05%, and 4 digits with an asterisk when 
high precision measurements are available (Δλ/λ < 10 ) [l9]i the laser 
mediums used are C12H,0H (m), C12H,0D (п^ ), and C12I> OH (m,). 
Note the denseness of the laser line spectrum with an average spacing 
of about 5 cm" ; in fact, a similarly dense spectrum is found up to the 
mm wavelength regime (a selection of good performing laser lines in this 
wavelength regime can be found from the numerous publications on FIR 
laser spectroscopy). 
All laser lines given in Fig. 10 are generated in optically pumped 
1 ρ 
С -methanol and some of its isotopie dérivâtes. We expect therefore, 
that more lines could be found by carefully investigating the more 
1 3 
exotic С isotopie methanol, and possibly, a further extension of the 
present FIR laser line spectrum to even shorter wavelengths will then be 
obtained. 
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New Laser Lines With Wavelengths From λ = 61.7 μιη 
Down to λ = 27.7 μιη in Optically Pumped 
ObOHandCDjOH 
H. SIGG, Η J. A. BLUYSSEN, л>.п P. WYDER 
Abstract-25 new CW far infrared User lines have been observed with 
wavelengths from λ = 61.7 iim down to λ = 27.7 μιη. We hive signifi-
cuitly increased the number of known short wavelength laser lines and 
extended the laser line spectrum to the 30 >im region by uaing a BaF2 
outcoupling system. 
Since the introduction of the optically pumped far infrared 
(FIR) molecular laser [ 1 ] , a rich spectrum of laser lines in many 
different molecules has been discovered. The spectrum is very 
dense in the wavelength region from λ = 40 μιη up to λ = 2 mm 
(21, and the molecular laser has become a powerful tool for 
solid-state and molecular spectroscopy and as a local oscillator. 
It has been shown [3) that extension and increase of the 
number of laser lines to the shorter wavelengths (λ < 40 μπι) is 
very useful for reasons of FIR cyclotron resonance experiments 
in GaAs and other III-V semiconductor compounds in very 
strong magnetic fields Moreover, an overlap can be obtained 
with the spectrum of the tunable Pb-salt diode laser which has 
an upper limit of λ = 30 μιη [4) . 
It is generally believed that the methanol (CH3OH) molecule 
and its deuterated and isotopie dérivâtes may produce laser 
lines in the short wavelength region. Their ability to emit short 
wavelength lines is due to the high probability of internal ro-
tational transitions (Δπ - 1, 2, * ' *) which for the transitions 
η = 1 -»2 m CH3OII are centered in the 40 μιη region | 5 | . 
However, the number of observed laser lines with a wavelength 
of λ < 4 0 μπι is rather small, up to now, only six optically 
pumped CW laser lines have been reported [6] -19]. Very re­
cently, Henriingsen (10] reported the observation of four new 
Unes in this region, using a pulsed C 0 2 pump laser, but three 
of these Unes did not lase in our CW system. The fact that 
the short wavelength spectrum is rather poor, is in our opinion 
due to the limitations imposed, in the case of waveguide 
lasers, by the use of quartz filters with a cutoff at λ = 40 μιη 
and in the case of Fabry-Perol open resonators by the use of a 
diffraction filter (Chang design) which is not very effective in 
the short wavelength region ( 10), [ 11 ] . 
In this note we report the observation of 25 new CW FIR laser 
Unes found in СНэОН and CD, OH with λ < 60 μιη. Nine of 
these lines have a wavelength shorter than 40 μπι with the 
shortest one at λ » 27.7 μπι. This substantial extension of the 
FIR laser line spectrum into the short wavelength region has 
been made possible by the use of a new BaF¡ outcoupling sys-
tem, which is highly efficient for 60 μπι > λ > 30 μπι. 
The optically pumped FIR molecular laser was built in our 
own workshops. The CO2 laser is constructed with a 1.5 m 
Manuscript received January 3, 1984. This work was supported in 
part by the Stichting voor Fundamenteel Onderzoek der Materie (FOM) 
with financial support from the Nederlandse Organisatie voor Zuiver 
Wetenschappelijk Onderzoek (ZWO). 
The authors are with the Physics Laboratory and Research Institute 
for Materials, University of Nijmegen, Toernooiveld, Nijmegen, The 
Netherlands. 
Fig. 1. The BaF2 in/outcoupling window, placed at the Brewster angle 
Фэ, is simultaneously used as an mcouplmg window for the linearly 
polarized CO3 radiation and as a mirror for the arbitrarily polarized 
FIR radiation. The incoming and the reflected CO] radiation are 
indicated with open arrows, the black arrows represent the FIR radia­
tion coming out of the cavity. 
long and 11 mm diameter polycrystalline quartz discharge tube 
and is tunable over about 90 lines with a CW output power 
typically on the order of 20 W. An intracavity Brewster plate 
is used to provide linearly polarized COj radiation. The pump 
radiation is focused along the axis into the FIR waveguide cav­
ity. The FIR waveguide laser consists of a 1 m long 12 mm di­
ameter pyrex tube placed between two flat minors. The front 
mirror has a 2 mm in/outcoupling hole and is connected to a 
motor driven stage to facilitate cavity length tuning 
The essential component of the new in/outcoupling system 
isa BaFj single crystal window located m front of the coupling 
mirror of the FIR cavity. The BaFj window is placed at the 
Brewster angle фц for the linearly polarized COj radiation 
(0a « 54.3°). This is shown schematically in Fig. 1. The m-
and outcoupling properties of the BaF¡ window are determined 
by, respectively, its transmission at the wavelength of the 
pump radiation (λ — 10 μπι) and its reflection at the FIR wave­
lengths (60 μπι < λ < 30 μπι). At λ — 10 μπι the BaFj has an 
absorption coefficient a — 1.5 · 10"1 cm"1 and is essentially 
transparent, at 60 μπι < λ < 30 μπι BaF2 has a high reflection 
coefficient, at least 50 percent with a maximum of about 95 
percent at λ — 45 μπι [ 12]. Therefore, the BaFj window acts 
simultaneously as an incoupling wmdow for the CO? radia­
tion and as an outcoupling mirror for the FIR radiation. Mis­
alignment of the BaF2 window and depolarization of the COj 
radiation reflected back from the cavity will cause some CO; 
radiation to be reflected at the BaFj surface, too. Therefore, 
the outgoing radiation, after reflection at the BaFj surface, is 
passed through a 2 mm thick TPX vacuum wmdow which is 
transparent for FIR radiation but will absorb the COj radia­
tion [11). With this setup, the power of the COj radiation 
background is less than 1 μW. This represents a suppression of 
more than six orders of magnitude with respect to the incident 
pump power. 
In Table I we show the 25 new FIR laser hnes observed in 
CHjOH and CD,OH. The measured FIR wavelength and the 
signal power are given together with the gas used, the gas pres­
sure at maximum power, and the COj pump line. 
The FIR wavelength is measured by scanning the length 01 
the FIR cavity. The length tuning is calibrated against the 
wavelength of a number of precisely known (Δλ/λ= 10 ' 7 j 
laser Unes in CH3OH 18] The wavelength measurement 1» 
estimated to be more accurate then 0.5 percent. The FIR 
OOI8-9197/84/0600-0616S01.00 © 1-984 IEEE 
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TABLE 1 
SUMMARY OF EXPERIMENTAL RESULTS 
TIB M»Vt-
ШІСТИ [ » 1 
61 7 
56 7 
i t 5 
54 1 
5? 6 
50 1 
tt 7 
<B t 
<6 5 
46 1 
47 1 
44 t 
44 3 
42 6 
42 5 
42 5 ' 
37 1 
36 Í 
3 ' 7 
34 2 
'4 1 · 
31 ι 
3C 7 
30 5 
27 7 
m 
rovrn 
VE 
S 
я 
s 
ν 
VS 
s 
5 
V 
V 
S 
s 
s 
s 
R 
S 
w 
ε 
« 
V 
s 
w 
H 
H 
V 
ZhZ 
CD.OH 
Cr.OH 
CI,CH 
cr,™ 
CI.OH 
cr,OH 
CI,OH 
сг,гн 
Cl-,OH 
CH CH 
с:,он 
cr,on 
cr,CH 
cr,OK 
CC,OH 
cr.oK 
Ct,OH 
CI,CH 
cr,CH 
cr,oH 
сс.ои 
01,01· 
cr,0H 
CH,0H 
«..OH 
ratrsCTiE 
(.Torri 
290 
200 
250 
250 
160 
240 
210 
240 
230 
150 
250 
2CC 
260 
260 
290 
200 
100 
250 
100 
90 
200 
180 
200 
1 « 
220 
e t . 
РШР LIRE 
ICR24 
1CF3C 
C9R06 
00?2Θ 
1PR20 
1CR*4 
09R06 
09P34 
Г9Я22 
C9P22 
очрге 
юное 
о'рге 
0«Η2β 
0«Ρ'Ε 
1CR'4 
C9P24 
09Rlt 
1CP26 
ICR'fi 
1CR34 
0OR20 
0OP30 
10R'2 
09P34 
marked with an asterisk, were initially found by us in CD) OH 
(13) However, the FIR signal of these two lines is stronger 
and is more stable when using CD)OH instead of CD3OD, 
pumped with the same COj pump line (10Я34) We believe 
now, that these two lines must be attributed to the CD3OH 
molecule and that our earlier measurements suffered from 
water contamination in the FIR cavity, 1 e , exchange of the 
OD group with the OH group (9) 
In conclusion, we have extented the known optically pumped 
FIR laser line spectrum down to 27 7 μπι We expect that a 
reexamination of isotopie dérivâtes of methanol other than 
CD3 OH, making use of a BaFj in/outcoupling window, will 
lead to an even more dense short wavelength spectrum How-
ever, the efficiency of the present outcouphng system has a 
strong cutoff at the short wavelength side To extend the range 
to 25 д т a SrFj window can be used 
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CHAPTER 3 Polaron effects in the cyclotron resonance of n-GaAs and 
AlCaAs-GaAs heterojunctions. 
3-1 Introduction. 
In this chapter we will discuss at great length the polaron effect on 
the cyclotron resonance of electrons in GaAs and at the interface of 
AlGaAs-GaAs heterojunctions, and on the 1 s-2p transitions of electrons 
localised at the impurities in the GaAs crystal. The polaron effect is 
in this context the coupling of the Landau levels through exchange of a 
virtual longitudinal optical phonon of energy fttiL. , and it will manifest 
itself by an enhancement of the effective mass of the electrons. 
In GaAs the electron-phonon coupling is very weak, the ?ro'hlich cou­
pling constant is only α = 0.07, and polaron effects can therefore be 
evaluated in principle using a second order perturbation approach as 
discussed in Section (3-3·ΙΙΐ). Eiperimentally however, it is rather 
difficult to separate the polaron mass enhancement from other effects, 
notably from the non parabolicity of the band. It was even demonstrated 
recently that these two effects can not be considered separately. We 
will present a careful analysis of our data and will give a quantitative 
interpretation of the observed magnetic field dependence of the polaron 
effects for a range of transition energies to very close to the optical 
phonon energy. 
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RESONANT POLARON COUPLING OF THE η = 1 I ANDAU LEVEL 
AND THE 2p* DONOR STATE IN GaAs 
Η Sigg, HJA Bluyssen and Ρ Wyder 
Physics Laboratory and Research Institute for Materials, University of Nijmegen, 
Toernooiveld, Nijmegen, The Netherlands 
(Received 9 August 1983 by Ρ Wachter) 
The η = 0 ->• η = 1 Landau level and Is—2p* impurity transitions in GaAs 
were investigated up to energies above the optical phonon energy Ьш
Ь
о 
and d с magnetic fields up to 25 Τ Pinning of both transitions to an 
energy slightly above and below Ьшц) was observed At ar. energy very 
close to Ιίω^ο two additional impurity transitions are found These 
features are attributed to the resonant polaron effect which leads to 
hybridization and dipole selection rule breakdown Also the spin doublet 
splitting of both transitions were resolved showing a strong magnetic field 
dependence which can not be explained by nonparabohcity of the con 
duction band alone 
TOLARON COUPLING, ι e the interaction of the elee 
Irons with optical phonons in solids can greatly modify 
the optical and transport properties and is most signifi 
cant when two electronic levels are separated by an 
energy close to the optical phonon (LO) energy ϋω
Ι
,ο 
[1] In semiconductors resonant polaron coupling occurs 
when two Landau levels are separated by an energy 
ÍIIJJCR close to hijLo. this can be observed by magneto 
optics m the far infrared (FIR) region [2] 
Until now most of the experimental work has been 
performed on the small bandgap semiconductor InSb 
(Et = 0 237 eV), where due to the relatively small 
effective mass, resonant magnetic fields ^„¡, with ω
οκ
 — 
Шьо can easily be obtained (for InSb,m* —0 014m0 
and Д
г и
 — 3 4Τ) [3] Since InSb shows a pronounced 
nonparabohcity of the conduction band (ίιωυοΙΕ, ~ 
0 1) and has a very weak polaron coupling, ι e the 
Fröhlich coupling constant a — 0 02, polaron effects 
and band nonparabohcity are difficult to separate 
In this sense a more promising III-V semiconductor 
is GaAs, where α — 0 04 and band nonparabohcity is 
weak (h(jiLOIE¡ — 0 025) and therefore study of the 
polaron effect is more interesting Also from the tech-
nological point of view GaAs is more important because 
of its applications in (opto-) electronic devices 
However in GaAs, where m* — 0 0665 mo [4], 
observation of the resonant polaron effect requires a 
much higher field (B^ — 20 Τ), in addition to a high 
intensity FIR radiation source at an energy near the 
optical phonon energy in GaAs, (ηω^ο — 36 5 meV 
[5] ) At relatively low fields (Д < 10 T), Gormk et al 
[6] very recently reported a study on polarons in GaAs 
by cyclotron resonance absorption and emission experi 
ments under hot electron conditions Different Landau 
level transitions (n -* « + 1, η = 0, 1, 2) were observed, 
and from the splitting of the CR lines polaron effects 
were determined However, in these experiments no 
hybriduation into an upper and lower branch, as a result 
of the resonant polaron coupling, were observed 
In this paper we describe the first experimental 
observation of the polaron effect near the resonance 
condition toen — ωι,ο for the η = 1 Landau level and 
the 2p* donor impurity state in GaAs by cyclotron 
resonance absorption Moreover, we describe the obser­
vation of the spin splitting of both the η = 0 -* η = 1 
Landau transition and the Is 2p* impurity transition, 
which could be followed up to very high fields (B — 
20 T), showing a divergence of the splitting in approach 
ing-flre,, this splitting cannot adequately be explained by 
the nonparabohcity of the conduction band 
In this cyclotron resonance experiment both the 
transmission and the photoconductivity due to absorp 
tion of the FIR radiation at a fixed frequency were 
measured as a function of the magnetic field The 
measurements were carried out on a very pure л GaAs 
sample (n
e
 = 4 4 χ IO"1 cm"3, and μ = 67,000 cm2 V 
sec"
1
 at 77 K) in the Faraday configuration and at low 
temperatures (10K<7'<35K.) The radiation was 
generated by a molecular gas laser (CH3OH/D etc ), 
equipped with a specially developed outcouphng system 
for the shorter wavelength region (λ < 50 д т ) [7], 
optically pumped by a CO2 laser Magnetic fields up to 
25 Τ were generated by the hybrid magnet system of the 
Magnet Laboratory of the University of Nijmegen [8] 
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ENERGY (meV) 
ДО 
Fig 1 Observed transition energies as a function of mag­
netic field В with ( · ) the ls-2p*- and (o) the CR 
transitions The full line is drawn through the experi­
mental points to guide the eye The straight line ( ) 
is a best fit through the three low field CR points, the 
broken line ( — ) is the calculated transition energy, 
including nonparabohcity The energy Δ = o:hwLo is 
the calculated gap at the intersection of the LO line 
with the broken line 
The transmitted radiation was detected at 1 2 К by a 
Ge-bolometer, lock-in detection techniques were used 
for both the transmission and photoconducting signal 
Figure 1 shows experimental results of the η = 0 -» 
л = 1 Landau level (CR) and the li-2p* impurity 
transitions which were obtained from cyclotron reson­
ance measurements at fixed FIR radiation wavelengths, 
ι e λ = 118 8,57 0,46 7.43 7,42 2,41 4, 39 9,37 9, 
33 9,33 5 [μιη] The expenmental points were selected 
as the best results from a number of transmission and 
photoconductivity measurements at different tempera­
tures The lower energy points were best detected by 
transmission measurements, the points close to the 
optical phonon energy by photoconductivity The 
impurity transitions were strongest at temperatures 
near 10 K, the Landau level transitions near 20 К 
Up to an energy of about 26 meV, the experimental 
points of the CR transition he on a straight Une and 
1s-contnuum 1s-2p* 
*=3354)jm 
Fig 2 Photoconductivity as a function of magnetic field 
showing the upper branch transitions at a laser wave 
length λ = 33 54дт 
r~ 10 
m 
< 
Fig 3 Spin splitting ΔΑ as a function of magnetic field 
with ( · ) li-2p+, (o) CR, (A) from Afsar el al [15] and 
(n)CR from Fetterman el al [14J The broken line is 
calculated from Zawadski's expression [10] (see text) 
Inset (a) Transmission as a function of magnetic field 
of the ls-2p+-quadruplet at λ = 57 Одт. Inset 
(b) Photoconductivity as a function of magnetic field 
of the CR-doublet at λ = 42 2 д т 
correspond to an effective mass of m* = 0 067 m0, this 
in fair agreement with the results of Stillman et al [4] 
For the U-2p+ transition the points up to 26meV show 
a similar behaviour as expected from the hydrogen 
model for a shallow donor in the high field limit, ι e 
(Гіы
СІІ
/2 Ry*)> 1, where Ry* is the effective Rydberg 
constant [9] 
For higher energy values one has to take account of 
the nonparabohcity of the conduction band, giving rise 
to a departure from the straight line as indicated by the 
broken line in Fig 1 This line was calculated from an 
expression derived by Zawadski [10] for the case of 
InSb using a three level fc-p-model Herlach [Π] and 
Gormk [6] showed the validity of this approximation 
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for GaAs at high fields (up to 140 T) and low fields 
(B < 10 T) respectively. The deviation of the experi­
mental points from the calculated line resulting from 
the nonparabohc behaviour of the conduction band is 
ascribed to the resonant polaron coupling, where C J C R 
approaches a>LO the first Landau and impurity level pin 
to their respective groundstate plus single optical 
phonon level [1] Due to the strong absorption and 
reflection of the photon field by the optical phonons 
(Reststrahlen band), Landau level transitions at energies 
below the optical phonon energy could only be observed 
in the photoconductive mode up to an energy value of 
31.0 meV, while the \s-2p& transition is observed up to 
hv = 32.7 meV. The single transitions at hv = 32.7 and 
36 6 meV could be identified by their temperature 
dependence to be a ls-2p+ - and a Landau level tran­
sition respectively. At hv = 37.0 meV 4 different tran­
sitions were observed, as shown in Fig. 2. From the 
temperature dependence, the line at В = 20.6 Τ is 
identified as a Landau level transition, while the three 
other lines are ascribed to impurity transitions The 
appearance of two additional lines at an energy close to 
htOLo is a consequence of the resonant polaron effect 
which gives rise to pinning and to a breakdown of the 
dipole selection rule [1]. Therefore Is—np* transitions 
(with η > 2) are possible. Because the resonance at the 
lowest field (β = 8.8 Τ) appears at about half the field 
value of the one at 16.8 T, we may assign the former 
to the ls-3p+ and the latter to the l î -2p + transition. 
The resonance at 15.3 Τ does not fit in the Is-np* 
series and is striking in its long tail on the low field 
side (see Fig. 2). However, if we extrapolate the CR 
transition energy at 15.3 Τ from the measured points 
(ha>CR = 24.5 meV) and subtract it from the transition 
energy of this transition, we obtain 11.5 meV, which is 
approximately the ionization energy of a shallow donor 
at this magnetic field, as calculated from Yafet [9], i.e. 
10.6 meV. This fact, in addition to the long tail, suggests 
a transition from the 1J impurity state into the η = 1 
Landau level continuum. The detailed mechamsm under­
lying this effect is not yet understood. 
Though there are no experimental points in an 
energy region of about 4 meV around the optical 
phonon energy at 36.5 meV, hybridization of both the 
li—2p* and the η = 0 -»• η = 1 Landau level transition 
into a lower and an upper branch are clearly observed. 
For В -» 0 the upper branch of the Landau level tran­
sition pms to the optical phonon energy at 36.5 meV, 
while the upper branch of the 1$—2p* transition seems 
to pin to a somewhat higher energy level at 37.0 meV; 
this is not yet understood. The pinning level for the 
lower branches of the \s-2p*- and the Landau level 
transition do not follow directly from the experimental 
points. As is indicated in Fig. 1, the theoretically 
predicted value of the energy gap Δ, due to hybridi­
zation at the field value of the interception of the η = 1 
Landau level and the η = 0 + 1 phonon level (Δ — 
CKCJLO — 2 98 meV [1] ) is not in contradiction with the 
measurements It is clear that more experimental points 
up to higher energy and field values are required for a 
quantitative determination of both the pinning level and 
the value of Fröhlich constant a 
Due to the high purity of our GaAs-sample, spin 
splitting is resolved in both the CR and the Is- 2p+ 
transitions at incident radiation energy below htoLo. 
Two typical recorder traces arc shown in the inset of 
Fig 3 The doublet in the CR-transition is due lo a spin 
splitting [14], whereas the quadruplet in the Is -2p* 
transition is due to a spin splitting in addition to a 
chemical shift of two different impurity components 
[15]. 
In Fig 3 the observed splitting AB of both the 
CR (о) and IJ -2p+ (·) transitions is shown as a func­
tion of magnetic field B. For both transitions AB follows 
the same curve and seems to diverge at fields above 20 T. 
In addition the experimental points as reported pre­
viously by Fetterman et al. [15] and very recently by 
Afsar et al. [16] are shown While Fetterman's results 
fits very well with our measurements, Afsar's points he 
considerably above ours. This may be due to the fact 
that in their (Founer-spectroscopy) experiment the 
chemical shift was not resolved so that determination 
of the spin splitting is subject to a systematic error. 
Usually, the theory which treats polaron coupling 
and nonparabolicity independently starts from the 
expression E — e" = f {E), where E is the calculated 
energy, e" = the energy including spin and band non­
parabolicity of the band only and f(E) is the self-
consistent energy correction due to the polaron coupl­
ing [1]. By using this expression it can be shown that 
AB as function of the magnetic field В is unaffected 
by polaron coupling, i.e. AB is independent of ƒ(£"). 
In Fig. 3 the dashed line shows AB calculated from 
the expression above using Zawadski's [11] expression 
for e0 with gÒ = 0.44, the ^-factor at the band edge. 
Figure 3 shows a substantial discrepancy between the 
experimental points and the theoretically calculated 
curve, which increases strongly with magnetic field. 
This discrepancy was recently noted already for low 
fields and ascribed to the use of an expression which 
inadequately describes the band nonparabolicity [15] 
and polaron coupling [6]. Our experiment up to much 
higher fields suggests a field dependent ^-factor due to 
the polaron coupling and the need of a theory where 
band nonparabolicity and polaron coupling are not 
treated as independent pertubations. Therefore, a direct 
determination of the g-factor up to high fields may 
be useful. 
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In conclusion, we have measured for the first time 
the resonant polaron effect in GaAs near the reststrahlen 
band region {hv = IÍCJLO) The three main features 
connected to the resonant polaron effect, pinning, 
hybridization and selection rule breakdown could clearly 
be identified The spin splitting at high field seems to 
be connected to the polaron effect but can not be 
explained by present polaron and nonparabohcity 
theories 
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3-3 Analysis of polaron effects in the cyclotron resonance 
of n-GaAs and of AlGaAs heterojunctions. 
H. Sigg and P. Vyder 
Physics Laboratory and Research Institute for Materials 
J.A.A.J. Perenboom 
High Field Magnet Laboratory 
University of Nijmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands 
Abstract 
Cyclotron resonance (CR) was measured at high magnetic fields in 3-
dimensional bulk n-GaAs and in the 2-dimen3ional electron system of an 
AlGaAs-GaAs heterojunction, at a number of FIR laser lines, up to ener-
gies close to the longitudinal optical phonon energy huv,-,. A quantita-
tive analysis of the CR as a function of magnetic field is presented, 
taking into account dimensionality, band non parabolicity, and polaron 
effects. It is found that screening is important in 2D systems, and 
from an analysis of polaron effects in the CR of the AlGaAs-GaAs hetero-
junction, a value for the strength of screening in a 2D electron system 
is obtained. Our analysis of data very close to resonance with the opt-
ical phonon shows that band non parabolicity has to be included expli-
citly in the calculation of polaron corrections to obtain the proper 
asymptotic limit Ri*- for the CR transition energy. 
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I. Introduction. 
For many years, the measurement of polaron effects on the cyclotron 
resonance (CR) has been an excellent tool to study the electron-phonon 
interaction in pure polar semiconductors of high carrier mobility. 
Numerous CR investigations have been done in bulk (3D) semiconductors, 
and it is generally accepted that the CR effective mass is enhanced due 
to polaron effects, i.e. due to the virtual coupling of a quasi free 
electron with the optical phonon; the enhancement is most prominent in 
the resonant regime close to the energy of the optical phonon ΙΚΑ-η 
[1,2]. 
Recently, very pure semiconductor systems have become available with 
interfaces that support a quasi two dimensional (2D) electron gas of 
very high mobility. These systems include heterojunctions, superlat-
tices with multiple interfaces, and MOSFET's, and they are of great 
technological importance as components for opto-electronic devices and 
fast switches. There is also a growing interest in fundamental proper­
ties of the 2D electron gas, such as electron-electron and electron-
phonon interaction, and the influence of screening and localisation [з]. 
CR measurements were therefore soon applied to study polaron effects in 
these 2D systems as well [4]· 
To date, the knowledge and understanding of the 2D polaron effect is 
still much less well developed than for the 3D сазе. Horst, Merkt, and 
Kotthaus [5] studied the polaron effect on CR in an InSb space charge 
layer and found, qualitatively just as in bulk InSb, an anomaly in the 
CR effective mass at about the energy of the optical phonon. Seiden­
busch, Lindemann, Lassnig, Edlinger, and Gornik [б] studied the polaron 
effect in AlGaAs-GaAs and found no polaron mass enhancement in marked 
contrast with bulk GaAs, where a substantial mass enhancement due to po­
laron effects is found [7,θ]. This is in clear contrast with theoreti­
cal predictions that the 2D polaron mass enhancement should be even 
larger than for the 3D case. Very recently, it was suggested that the 
2D mass enhancement may be quenched by screening and the finite exten­
sion of the quasi-2D electron wave functions [9], or that the polaron 
effect is weakened due to a phonon inactive interface layer [io]. 
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In this paper, we will present measurements of the CR in n-GaAa and 
in AlGaAs-GaAs heterojunctions up to energies close to Й(Л0· We will 
give an analysis of the polaron effects on the 3D and 2D CR data, and 
will discuss the dimensionality dependence of these effects for conduc­
tion band electrons in n-, respectively AlGaAs-GaAs. 
The details of samples and measurement technique are summarized in 
Section II. The calculation of polaron corrections is discussed in Sec­
tion III, based on a second order perturbation analysis of the Fröhlich 
Hamiltonian. It is shown how dimensionality, band non parabolicity and 
screening enters in these calculations. Finally, in Section IV, we will 
analyse quantitatively the measured cyclotron resonance energies and we 
will show that screening is important in a 2D electron gas, and that the 
resonant polaron contributions in 3D n-GaAs and 2D AlGaAs-GaAs are quite 
similar. 
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II. Experimental details. 
We have measured the transmission and photoconductivity of n-CaAs and 
AlGaAs-GaAs heterojuntions in high magnetic fields and at far infrared 
(FIR) wavelengths in a conventional way. The radiation was generated by 
a FIR molecular laser, pumped with a CO. laser; the radiation was cou­
pled to the sample in the Faraday configuration with the Poynting vector 
parallel to the applied magnetic field. The laser system was optimized 
for the generation of short wavelength FIR laser lines, as we described 
elsewhere [il], so that the CR in GaAs could be measured at energies 
close to the optical phonon energy ЬШг
П
 =
 36.75 meV [12]. The samples 
were mounted in a continuous flow cryostat or immersed in liquid helium 
in the bore of a high field hybrid magnet system [13]. The FIR laser 
radiation was guided into the cryostat by oversized light pipes and cou­
pled to the sample with a cone. The transmitted radiation was measured 
with a helium cooled Ge-bolometer in a second cryostat at some distance 
from the magnetic field. 
The very pure epitaxially grown n-GaAs sample had an electron density 
at 77 К of η = 4.4x1014 cm - 5 and a mobility μ = 67000 cm /Vs, deduced 
from Hall resistance and resistivity measurements. The transmission of 
this sample was measured at Τ = 10 К; unfortunately, due to Restatrahlen 
reflection, the signal becomes too weak to be observed for energies 
above 30 meV. For measuring photoconductivity, the optimum temperature 
was found to be Τ = 15 К, and CR was observed with this technique over 
the whole range of energies. Fig. 1a shows the photoconductivity at 
hv " 32.76 meV as a function of the magnetic field; here the splitting 
of the CR signal due to spin up and spin down Landau levels is very well 
resolved. The spin splitted peaks are so narrow that the midfield value 
of the transition can be determined with a relative uncertainty of 
ΔΒ/Β = 10" 5. 
The Al Ga. As-GaAs (зс = 0.3) heterojunctions were grown by means of 
metal organic chemical vapour phase deposition. The electron density 
11 -2 2 
was η » 4.0>Ί0 cm , and the mobility was μ » 30000 cm /Vs, deduced 
from Shubnikov-de Haas oscillations in the resistance and the resistivi­
ty. The transmission measurements were done on a sample with Corbino 
geometry and the photoconductivity measurements on a sample shaped as a 
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standard Hall strip, with the sample at Τ ж 1 .3 К· The 2D samples were 
oriented with the interface perpendicular to the direction of the mag­
netic field. As in the hulk case, Restatrahlen reflection prevents 
transmission measurements at the highest energies. Fig. 1b shows the 
photoconductivity of the AlGaAs-GaAs heterojunction, again at 
hv " 32.76 meV, indicating the cyclotron resonance which is superposed 
on a strong background signal. The background photoconductivity is re­
lated to the strong temperature dependence of the Hall resistance in the 
presence of the quantum Hall effect [ н ] , and using measurements at 
Τ • 6 К we could evaluate the background signal and substract it from 
the photoconductivity at lower temperatures. 
Photoconductivity 
(arb units) 
100 -
025 V 
Photoconductivity 
(arb units) 
215 BIT] 000 ψ 
® 
AIGais-GaAs 
ЫЭК 
hv0276meV 
Figure 1: Photoconductivity ae a function of magnetic field at an energy of in­
cident radiation of hv = 32.75 meV; (a): for n-GaAs measured at Τ - 15 К, (note the 
very well resolved spin up and epin down гевопапоев); ib): for an AIGOAB-GOAB hetero­
junction, measured at Τ » 3.3 К; the dashed curve indicates the background signal. 
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In Fig. 2 and Table I we present our experimental values of the mag­
netic field В and of the FIR energy ε » hv at the CR. For both n-GaAs 
and AlGaAs-GaAs heterojunctions the transition energy between the Landau 
levels increases with the magnetic field, and with increasing field the 
CR transition energy becomes more and more reduced below ηω , i.e. the 
4« 
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0 
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Figure 2: Obeerved CR traneition energy ae a function of magnetic field in 3D n-
GaAe (o) and 2D AlCaAe-GaAe heterojunctione (m>. The point daehed сигов through the 
3D data and solid surve through the 2D data are to guide the eye. The deviation from 
the aero order traneition energy Λω ehB/m (straight line), ie due to band non 
parabolioity and to polaron effects: mass enhancement and hybridisation for CR ener­
gies close to the optical phonan energy Ач-л· The discontinuity indicated vAth a 
solid arrow is tentatively ascribed to filling up of Landau levels, the discontinuity 
uith a daehed arrow to a plasma anomaly. 
A3 
Table I: Experimental data. 
energy resonance field Β [τ] 
hv [meV] n-GaAs AlGaAs-GaAs 
2.64 
4.94 
7.61 
10.45 
12.03 
12.85 
16.02 
17.59 
21 .70 
25-99 
28.37 
29-41 
29-98 
31.06 
32.76 
6.02 
6.98 
7.45 
9-41 
10-36 
13.02 
15-89 
17-51 
18.28 
18.73 
19-58 
20.95 
1.58 
3-15 
4-92 
6.48 
7-36 
7.80 
10.67 
12.98 
15.70 
17.28 
18.04 
18.39 
19-14 
20.40 
curve bends increasingly stronger away from the straight line represent-
o / * 
ing the zero order transition energy Κω = eRB/m . For В + «> the CR en­
ergy seems to approach the energy of the optical phonon ϊιω.-1 as one ex­
pects for resonant polaron effects. The data of the AlGaAs-GaAs hetero-
junctions reveal two anomalies in the low field regime where the 2D CR 
is not a smooth function of the magnetic field аз the CR of n-GaAs. 
In this paper we will be mainly concerned with polaron effects which 
are most prominent near resonance with the optical phonon, at high 
fields. 
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III. Theoretical analysis. 
A. Polarons. 
For both the 2D and 3D case, the polaron model is analysed in terms 
of second order perturbation theory of the Fröhlich Hamiltonian. The 
dimensionality dependence will then enter through the appropriate zero 
order energy dispersion relation and the appropriate electron wave func-
tion. On the other hand however, the phonon system is assumed to be 
bulk like in the 2D case as well, and in our estimates we take the bulk 
value for the optical phonon energy RÜL.» and for the coupling constant 
a. When the conduction band is not parabolic, corrections due to band 
non parabolicity (BNP) have to be included in the zero order energy lev-
els. BNP will be discussed in more detail below, in Section III B. 
When a virtual coupling of the conduction electrons with the optical 
phonon is included, the energies of the Landau levels are given in the 
weak coupling limit by [15]: 
„pol „о г 2 ' 'if г, \ 
Ei. - E. + Ι ν - — η (la) f f
 Λ <! E? 0 1 - E 0 - Ьы1П i.q f i LO 
with: 
2 4πίΛ(ΐιωιο)
3/2 
'»" (гт / 
о 
db) 
and 
|M|2 l f- I ƒ fj?) .1*·1^?) d? | 2 de) 
Q 
where E., E., f.(Г) and î.(r) are respectively the electron energies and 
wave functions of the unperturbated (zero order) electrons in the inter-
mediate and final Landau state, and Q is the volume of the crystal. 
Eq. (l) describes the energy spectrum of the free electron system as a 
function of the magnetic field, when its electron charge distribution 
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I*(r)I is weakly coupled to the polarisation field of the optical pho­
non; the strength of this coupling is given by ν |м| which із propor­
tional to the Fröhlich coupling constant a. A summation has to be car-
ried out over the phonon wave vector q and all intermediate states 
i = (η,к.), where η is the Landau level index and k.. the electron wave 
vector in the direction parallel to the quantizing magnetic field. 
In Eq. (l) the following approximations are made: the energy of the 
optical phonon is assumed to be independent of the phonon wave vector q, 
and only single phonon scattering processes are considered, only virtual 
phonons are included in the calculation (at zero temperature, there are 
no phonons in the system). These approximations are valid for our ex­
perimental conditions: in GaAs, one has α = 0.065 « 1, and the measure­
ments were carried out at low temperatures (T = 10 К for n-GaAs, and 
Τ = 1 К for the AlGaAs-GaAs heterojunctions). 
We will now analyse the interaction of a phonon with electrons in the 
following two cases: when the electrons are quasi-free in all three di-
mensions with isotropic effective mass m , and when the electrons are 
# w # 
quasi-free in only two dimensions (m = m = m ), confined in the z-
direction parallel to the magnetic field by some interface potential. 
(We think of a 3D polaron as a bulk electron interacting with a bulk 
phonon, and a 2D polaron as a confined electron interacting with a bulk 
phonon as well.) In our model the dimensionality of the systems enters 
through the electron wave function in the matrix elements |м|.»і an^ 
through the k.-dependence of the zero order electron energy E . For a 
quasi-free bulk electron, in a magnetic field along the z-direction and 
in the η Landau level, the energy and wave function are given respec­
tively by: 
Ъ
2
к
2 
Ε (Β) -(η +1)^-4 (2а) 
1 2ш 
ik.z 
f
n k (г) - cíjx.yíe (2b) 
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where ηώ » eRB/m is the cyclotron resonance energy, с is a normalisa-
o
 0
 th tion factor and Φ the η harmonic oscillator wave function. For a 
η 
confined 2D electron gas one has: 
E (B) - (n +hbv>° + E
a
 (3a) 
ns 2 с s 
f M(r) = ο·Φη(χ,7)ίβ(ζ) (3b) 
where E із the energy of the s subband in the confining potential 
well, c' is a normalisation factor, and |f (z)| determines the exten­
sion of the wave function of the s subband in the z-direction; in the 
ideal 2D case |f(z)| = δ(ζ). The summation in Eq. (1a) has to be car­
ried out over all intermediate states i - (η,к ) for the 3D case, sub­
stituting Eqs. (2a) and (2b) where appropriate, and over i - (η,s) and 
substituting Eqs. (3a) and (3b) in the 2D case. As a result, one gets 
directly from Eq. (1) for the change in transition energy between Landau 
levels due to the polaron effect: Δε150 = E? - Έ? - fuo . The po-
· · І О . . С 
laron mass enhancement Δ • 1 - m /m , is given by Δε /Ьы . In the 
o pol 0 - J с 
limit of low fields, the calculation of Δε ρ requires a summation over 
the whole range of Landau levels, but in the final result, only terms 
linear with the magnetic field need to be considered. For the mass 
enhancement in this low field limit one obtains in the 3D case Δ • -τ-α 
. о 
Г15] and in the 2D case Δ " ^ πα [9,1б]. In the resonant or high field 
о 
limit, we need to consider the single term in the summation only that 
can become resonant: for a final state f - (1,0) only the intermediate 
state i » (0,к ) in the 3D case, or the state i - (0,0) in the 2D case. 
For WVTIÙL., - 1 one then obtains Δ » (-^ α) [15,17] for the 3D case, 
c
 1 1 /? 
and Δ =• (^ α/it) ' [ΐθ] for the 2D case. 
From this analysis it follows, that the mass enhancement in a 2D 
AlGaAs-GaAs heterojunction is about twice as large as in bulk GaAs, and 
largest in the low field regime. However, we will show below, that the 
mass enhancement in a 2D system will be quenched considerably by effects 
due to screening and due to extension of the wave function in the direc­
tion perpendicular to the interface. 
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В. Band non paraholicity. 
The hand non parabolicity (ВИР) corrections to the free electron en­
ergy can be calculated from a 2-band k«p approximation, where the cou­
pling is considered between one conduction band and one valence band 
separated by an energy gap ε . This sort of calculation basically leads 
to a BNP corrected conduction band energy E = E (1 + E /e ), where E 
is the energy of the quasi-free electron, given by the Eqs. (2a) and 
(3a). The transition energy from the (n-1) to the η Landau level, 
including the non parabolicity of the conduction band, is given by: 
»«τ·» 2nnti)
 л т
, 
, о . BNP . o r . с гк·, /.ч 
ΐω + Δε = ΐω (1 — Ι (4) 
с с
 ν
 e ε ' 
g S 
2 2 * 
where in the 3D case, the kinetic energy К is Ή k /2m . For the case of 
AlGaAs-GaAs, the BNP corrections have been evaluated using a more so­
phisticated k«p model [19], where the 2D potential well confining the 
conduction electrons is included explicitly in the Hamiltonian. In the 
limit of large gap ε , the same expression as Eq. (4) is obtained, but 
now the expectation value of the kinetic energy in the z-direction has 
to be substituted for К and not the total subband energy as one would 
expect from the more simple arguments given above. 
For a non degenerate 3D system in the quantum limit, there are elec­
trons only in the lowest Landau level and k. » 0, and transitions 
between the levels η » 0 + 1 only contribute to Eq. (4). For a degen­
erate 2D system however, the lowest unoccupied Landau level is just 
above the Fermi energy ( n W = Ε-,), and consequently, in the low field 
С г 
limit, the BNP correction remains significant and does not tend to zero 
as in the 3D case. Therefore, at low fields a mass enhancement in a 2D 
system is expected when compared with the bulk material. 
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С. Screening in a 2D electron system. 
2 
Screening enters the calculation of polaron effects through ν in 
Eq. (1). In a Thomas-Fermi approximation, for a 3D electron gas screen­
ing decreases with decreasing electron density, and consequently it can 
be neglected for low density, non degenerate semiconductors at low tem­
peratures. 
For a 2D electron gas Stern and Howard [2θ] have calculated the 
screening of the Coulomb potential of a point charge in the Thomas-Fermi 
approximation. The longitudinal polarisation field of the optical pho­
non can be expressed in terms of an effective charge distribution, pro­
portional to q exp(iq«r); we then obtain ν = ν q /(q + q,™) ι where ν 
is as defined in Eq. (lb); q is the phonon wave vector perpendicular to 
the magnetic field, i.e. parallel to the interface; and q^ ,, is the 2D 
» 2 2 
Thomas-Ferrai screening wave vector q__ = m e /2πε кЬ , where к is the 
bulk dielectric constant. This result is valid for an ideally restrict­
ed 2D electron gas only. For the case, where |f (z)| * δ(ζ) we find, 
in agreement with a calculation by Price [21]: 
v
2I)
 = ν !Ц—у (5a) 
where 
TiUJ - Τ
 2 ^  2 lp(C)|2dC (5b) 
-
<,,
 (C + q^) 
here p(C) is the Fourier transform of |f (z)| . The screening is 
strongly anisotropic, dependent on the component of the wave vector of 
the optical phonon parallel to the interface and on the spatial exten­
sion of the electron wave function. 
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IV. Analysis of the experimental results. 
A. Polaron effects in 3-dimensions, the case of n-GaAs. 
The results of the cyclotron resonance experiments in bulk n-GaAs are 
presented in Fig. 2 and Table I. As can be seen in the figure, at low 
fields the Landau level transition energy increases almost linearly with 
the magnetic field; at high fields, as one approaches the energy of the 
optical phonon, the effective mass becomes more and more enhanced. Note 
that the contribution to the mass enhancement due to polarons can not 
simply be deduced from the data, but band non parabolicity effects must 
be taken carefully into account, first. In this Section, we will give a 
detailed description of the analysis of polaron effects in bulk n-GaAs. 
There is a considerable amount of literature on the low field regime. 
Recently, Das Sarma and Mason have developed a theory to describe po-
laron effects in the low field limit for the case of a non parabolic 
band, as e.g. in n-GaAs [22]; they calculated the change of the CR tran-
sition energy due to polaron effects for a system with non parabolic 
zero order energy band in a Rayleigh-Schrödinger perturbation model 
RSPT 
(RSPT), and we will denote this contribution by Δε . The most intri­
guing outcome of their calculation is the fact that BNP leads to an 
enhancement of polaron effects, and that therefore it is not sufficient 
to account for BNP merely by a shift of the conduction band energy level 
with respect to the parabolic case. Accordingly, we will follow Das 
Sarma and Mason, when carefully including BNP effects in the evaluation 
of polaron corrections. 
An expression for the change of the transition energy due to BNP of 
the conduction band Δε is given in Eq. (4). Das Sarma and Mason ob-
HSPT г τ 
tained the following result for Δε L22J: 
flu) 
. RSPT - о г ,
 0 , α . л_ За с ·, /,ч 
Δε - - Тш
о
 ( 1.23 g +1-05 20 Ы^ > ( б ) 
where the numerical factors 1.23 and 1 .05 in the realistic case of bulk 
GaAs with a non parabolic band are the numbers found for the enhancement 
over the case of a simple parabolic band. 
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In Fig. 3 we p l o t t e d our experimental CR data (e - ίιω 0)/ίιω
Τ Λ
 аз a 
с LO 
function of ΐω /ÍKÍLQ. The lower energy range, below and around our 
lowest CR data on n-GaAs, is well covered by the CR measurements of Lin-
demann, Lassnig, Seidenbusch, and Gomik [7], and the data in our study 
measured at the same laser wavelengths coincide within the experimental 
accuracy. The result of Eqs. (4) and (6) can be compared with all of 
these low field data and a good fit can be obtained using a value for 
the effective mass of m » 0.0648 m and for the coupling constant of 
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Figure 3: Measured deviation of the CR energy from the zero order transition energy 
(t - hu> )/hb>r0 ae a function of йи/йа « for bulk n-GaAe. The experimental data are 
represented by (0), the solid ourve is ealoulated using the effective mass and cou­
pling constant determined from the loa field data, and the dashed curve represents 
ВНР HSPT 
the loa field limit Δε ч Δε . The point-dashed line gives the proper asymptot-
io limit (1 hin/hu. to 
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о • 0.065· Note that often too large a value of α is found from polaron 
measurements [22]; the value of α now obtained agrees very well with the 
value 0.065 ± 0.005 determined by dielectric measurements [23,24]· The 
BNP HSPT theoretical result of Δε + Δε is indicated by the dashed curve in 
Fig. 3· As to be expected, this low field approximation does not 
describe the data at high fields, close to resonance with the optical 
phonon, too well. Due to the hybridisation, the CR transition energy 
for the lower branch will asymptotically approach fti*.. for high magnetic 
fields; the appropriate limit for the data of Fig. 3 (1 - ίιω /ϊιω.-) is 
indicated by the point dashed line. 
A careful analysis of Eq. (l) shows, that in the low field limit a 
summation over a large range of Landau levels has to be carried out, but 
near resonance only one term will be dominating: the coupling of the η 
Landau level with the intermediate state n-1 , when ϊΐω = Ίω.«. Accord­
ingly, Larsen [15] obtains in the resonant limit the following implicit 
equation for the polaron correction to the transition energy: 
л pol τ A P o 1 -ö Ьш 
1 ^ - - 2 ( 1 - λ --Ε£-> •«<ÎG£> ™ 
Larsen [l5j considered the case of a parabolic band; then λ • ίιω /ίιω.· 
leading to a linear increase of λ with the magnetic field; he also 
chose the function g to be zero. In the case of a non parabolic band, 
as in n-GaAs, it is reasonable to substitute: λ = (ΐω + Δε )/ίιω
τη
; 
For high magnetic fields Δε will then tend to ΐιω
τη
(ΐ - λ ) • 
Ъьь. - ίιω - Δε . A t low fields, however, Δε should approach the 
fisPT 
result Δε [22]. This is achieved if we substitute in Eq. (7) 
r«.
 0
 /*. > . R S p T ι /«. о,. ч . ,. , / .. 1 1 3 2 g{.ba/TUúTn) - Δε + g (ΐω /ΐιω
ΤΛ
;, with g (χ) » -za + -τα* + -гтах ; at 
Bol RSPT 
low fields Δε will then approach Δε of Eq. (6). Using Eq. (?) in 
this way we have evaluated Δε over the whole range of fields. The 
result of Δε + Δε is shown in Fig. 3 as a solid curve. As can be 
seen, this crude approximation describes the data remarkably well. It 
is noteworthy, however, that a larger value for α would result in a 
better agreement of the present theory with the data at higher magnetic 
fields; such an effective increase of α at high fields may be brought 
about by a more careful analysis (along the lines of Das Sarma and Mason 
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[22]) of the single resonant term of Eq. (l) used to derive the high 
field expression Eq. (7). 
When, as is usually done, BNP effects on the polaron contributions 
are neglected and the analysis discussed above is carried through, a 
result is obtained which can describe the data for ίιω /йШгп < 0.85 quite 
well (however leading to larger values of the parameters, i.e. α • 0.08 
and m = 0.0650 m [?]), but the discrepancy becomes dramatically larger 
as the field increases. This is due to the fact that in this model, the 
CR transition energy now does not approach the correct limit but 
ίιω
ΤΛ
 + Δε , and the theoretical curve bends much stronger than the ex-
perimental data. To assure that the transition energy has the proper 
asymptotic limit Ьш
тг
. it is therefore essential to carry BNP through the 
LU 
calculations of Eq. (l) for the polaron effects. 
B. Polaron effects in 2-dimensions, the case of AlSaAs-GaAs. 
1. Screening and wave function extension. 
As discussed in Section III C, screening is not important for a low 
density electron gas as in the case of non degenerate bulk n-GaAs. But 
we will show that it may become an important effect for a 2D electron 
gas as in the case of an AlGaAs-GaAs heterojunotion. Until now, in most 
models of polaron effects in 2D systems screening was not included 
[19,25]. 
Basically, effects of screening on the polaron mass enhancement can 
be calculated from Eqs. (1) and (5)· For the evaluation, the z-depen-
dence of the wave function is needed. A convenient expression is given 
by Stern [26] in the form of f (ζ,β) - (1/^) ( ßq ) 5 ' 2 ζ exp(-ßqoz/2) ; β 
is a parameter that scales the extension of the wave function in the z-
* 1 /2 
direction and q = (2m ω
τ/4/ΐι) ; the ideal 2D limit is obtained when ч
о 0 LO 
β + «ο. We will also introduce a scaling factor γ for the strength of 
the screening by defining an effective screening wave vector γγ q , 
where γ » qm-p/q · With these definitions, one can again derive the 
О 1 Σ Ο η 
polaron mass enhancement Δ - Δε /ίιω and the following results are ob­
tained for the two limiting cases: 
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in the low field l imit : 
ηω α. 4 
Δ ( β , γ , ^ • О) - 2« ƒ - ^ J i ^ t ì d* ( а) 
H o o ( l « 2 ) 3 (χ + τι(χ/β)γ ν) 2 
in the resonant limit for Ιιω /^ω-^ = 1 : 
Δ(β,γ,^- - О - Γα Cl * ν χ 2 aÜE^Ö dx ) 1/2 (8b) 
H o o (x + η(χ/β)γ0γ)
2 
where from Eq. ІЪ), r\{ ζ) = (8 + 9ξ + 3ζ )/θ(ΐ + ζ) . A similar calcula­
tion was done in the low field limit by Das Sarma [9], where ideal 2D 
screening was considered. The result of Das Sarma is qualitatively 
similar but the mass enhancement calculated as a function of β is sys­
tematically larger than our result; note that Das Sarma uses a slightly 
different definition for ν than our Eq. (5a). When the two expres­
sions of Eq. (8) are evaluated with β •*• » and γ ·* О, the unscreened, 
ideal 2D result is again: for low fields, Δί^,Ο) » -jr πα, and for 
ΐιω^Λιω^ - 1, Δ(-,Ο) = (1 α/π) ΐ / 2. 
Fig. 4 shows the polaron mass enhancement calculated with screening 
strength γ and as a function of the wave function extension parameter β, 
and normalized by the mass enhancement in the ideal 2D unscreened limit, 
both for the limit of low fields (dashed curves) and in the resonant 
limit for ΐω /ΐ>ωτ
η
 " 1 (solid curves). As one can see from the figure, 
the polaron mass enhancement is strongly quenched by screening, particu­
larly in the low field limit, and also for low values of β, i.e. when 
the electrons are not strongly confined to the interface. The mass 
enhancement increases with β, but in the presence of screening it levels 
off at quite low values of β. 
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Figure 4: Calculated polarem mee 
enhancement д " 1 - m/m
 7 for a 2D 
system, as a function of the wave 
function extension parameter β and 
for values of the screening strength 
parameter γ . b($,y)/t(<*,0), nor­
malized to the mass enhancement of 
the ideal and unscreened 2D case, is 
evaluated for the low field regime 
(dashed curves) and for the resonant 
polaron regime (solid curves), For 
canparison, the mass enhancement for 
bulk GaAe calculated in these tuo 
limiting cases, is also shown. 
I t i s important to r e a l i z e t h a t the s ing le subband model used in the 
present a n a l y s i s w i l l break down in the l i m i t s β •*• 0 and β •»• ». When β 
i s small, the energy di f ferences between the lowest subbands become com­
parable to the thermal energy and the thermal populat ion of the higher 
subbands has to be taken in to account; a l a r g e r mass enhancement than 
ca lculated from Eq. (8) wi l l then be found. Also, the mass enhancement 
i s expected to approach the bulk value for β • 0, r a t h e r than zero as 
shown in Fig . 4 · On the other hand, when β i s l a r g e , both the Fermi en-
ergy (Ep • ßO and the energies of the subbands (E « β ) become large 
[ J ] , and consequently, for s u f f i c i e n t l y l a r g e values of β, again popula­
t ion of higher subbands has to be taken i n t o account. Also, in t h i s 
case, the z-dependence of the screening should have been considered ex­
p l i c i t l y in our model of Eq. ( 5 ) . For an AlGaAs-GaAs h e t e r o j u n c t i o n a t 
a temperature of about 2 K, the s ing le subband approximation should hold 
for 0.15 < β < 2.0. 
u ι μ . у I J ы ι —,41 
10 -
Oi 
00 
low lield limit 
resonant limit, hcD¡/hmL(l = 1 
4 i 
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For a real AlGaAs-GaAs heterojunction, one has realistically β = 1 
and γ = 1 , and therefore Fig. 4 shows that the polaron mass enhancement 
will be reduced below the mass enhancement in bulk GaAs. In the low 
field limit, the suppression of the mass enhancement is so strong that 
polaron effects will be very small. Near resonance, polaron effects are 
still important, but they depend strongly on the strength of screening. 
2. High field data. 
Because in the low field limit the polaron effect is so strongly 
suppressed due to screening, it is a good approximation to consider only 
the single resonant term for the polaron correction in the summation of 
Eq. (1a): 
. pol γ
 r
 2D/.
 U 2 І
И ( Р )
І10 /0ч 
Δε ρ = I (y
+
 (β,γ)) —
 B N p ! (9) 
+ q ftu>
c
 + Δε + Δε11 - Ъш^ 
This expression is similar to Eq. (7) in the sense that for high fields 
the transition energy between adjacent Landau levels Τιω + Δε + Δε 
will approach the energy of the optical phonon. 
Fig. 5 shows the experimental values of ε - ΐιω together with the 
theoretical prediction Δε + Δε and the asymptotic limit 
Τΐω
τη
 - Τιω . Δε is calculated from Eq. (4) with kinetic energy 
1 9 ^ 
К = -τ β ϊιω
τ
„ (using Stem's function for f (ζ,β) [26]) and with Landau 
4 LU О 
level index n=1; for lower fields higher Landau levels seem to become 
important as we will discuss in more detail in the next paragraph. 
Δε is calculated from Eq. (9) where now f (ζ,β) enters in the calcu­
lation of the matrix element |м| , so that this factor becomes dependent 
ОТ) 
on β, and where, ν (β,γ) is calculated from Eq. (5)· 
β can be evaluated directly from the electron density [3]; for our 
11 -2 heterojunction, with η = 4.0x10 cm , we find β » 1.07. The best fit 
of our model to the high field data for β - 1 .07 is obtained with 
γ • 1.4· This is indicated in Fig. 5 by the dashed curve. Note that 
this result suggests that screening is important, and stronger than ex­
pected from the Thomas-Fermi model. If we allow both parameters to be 
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adjusted, a best fit is obtained with an even larger value for γ 
(γ - 2.1), and a consequently larger value for β (β = 1.3); the result 
indicated by a solid curve has a slightly weaker curvature and is in 
perfect agreement with the high field data. We therefore conclude, that 
in order to describe accurately polaron effects in AlGaAs-GaAs hetero-
junctions near resonance with the optical phonon, screening has to be 
incorporated into the relevant model. 
Ιε-Ιίω||/Ιίω
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000 -
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-010 
α:0065 m;/m, = 00648 
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Figure S: Meaeuved deviation of the CR energy from the zero order traneition energy 
it - fitiiçl/hitj^Q ae a function of Ьа</Ы.0 for an AlGaAs-GaAe hetero junction. The ex­
perimental data are represented by (u) and the curvee represent a beet fit of the 2D 
polaron model m-th effective таве "д/и " 0.0648 and coupling eonetant a = 0.06S. 
For the calculation at high fields, it was assumed that Landau level transitions 
0*1 take place, іЛгІе at loin fields, the 1 •* 2.transition was taken into account. 
For the dashed curve, the wave function extension parameter was fixed at β - 7.07, 
and the best fit was found for the screening strerqth γ - 1.4; for the solid curve, a 
beet fit for these two parameters is found at β = 3.3 and γ » 2.1. The point-dashed 
line gives the proper asymptotic limit (1 - Λω /Τιω.^. 
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3. Discontinuities at lower energies. 
At low fields, two discontinuities in the CR as a function of energy 
seem to be present in the 2D AlGaAs-GaAs heterojunction system (as also 
observed by other workers [6,27]), which are not described by the po­
laren model given above. These discontinuities are marked by the arrows 
in Fig. 2. 
From Figs. 2 and 5 it is clear that the 2D data below ϊΐω /^^r, - 0.6 
do not fit the general trend of the high field data. Seidenbusch and 
coworkers [6] studied CR in AlGaAs-GaAs heterojunctions with varying 
electron sheet density; they found a different effective mass in the 
high density and low density regime. They could interpret the discon­
tinuity as a transition from a regime, where Landau level transitions 
О •* 1 take place, to a regime, with Landau level transitions 1 ·* 2. 
This change manifests itself in Δε of Eq. (4) and may explain the 
discontinuity around ίιω = 0.5 Ь^гл (marked with a solid arrow in 
Fig. 2): if we calculate Δε + Δε*1 from our analysis, assuming that 
for Ιιω /ϊιω.. < 0.5 transitions from the first Landau level to the second 
take place, we can explain this discontinuity (cf. low field curves in 
Fig. 5). For lower energies, still higher values of η would have to be 
assumed, but for the actual electron density of our heterojunction, the 
n=1 Landau level is expected to be completely filled only for 
WVíiii)T. < 0.2, and therefore, the assumption of the existence of 1 + 2 
С LU 
transitions at ΐω /Ъш
гг
. - 0.5 does not seem to be a reasonable explana-
c LO 
tion. 
It is possible that the discontinuity in the data reflects a discon­
tinuity in the screening as a function of the magnetic field. The DC 
Hall resistance of our heterojunction clearly shows spin resolved Hall 
plateaus and the filling factor ν « η h/еВ changes from ν • 2 to ν = 1 
just around the observed discontinuity at Ьш = 0.5 ^тл· Using our 
model, the discontinuity would be reproduced if for some reason the 
screening becomes suppressed to γ =0.5 at low fields when ν > 1 . 
At even lower fields, the data can not be properly described this 
way. Very recently, Schlesinger, Allen, Hwang, Platzman, and Tzoar re­
ported a shift and a splitting of the CR absorption line in many 
AlGaAs-GaAs samples with different electron sheet densities and found 
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anomalies at energies described by a universal function of the electron 
density [27]. For η = 4.0x10 cm" the anomaly would be around 
Αω
0
 = 0.21 Λω.«. We suggest that the anomaly at ϋω = 0.24 b<»>r0 (marked 
with a dashed arrow in Fig. 2) is just this phenomenon. The data at 
very low fields show an enhancement of the effective mass, which is cer­
tainly not caused by polaron effects. 
С Comparison of 2D and ЗБ resonant polaron effects. 
The 2D and 3D system we have studied, both concern the conduction 
electrons and phonons of the GaAs host material. Therefore, the same 
material constants, such as m , α and Λω.., have to be used both for the 
2D electron gas in AlGaAs-GaAs heterojunctions and for the 3D electron 
gas in n-GaAs. The conduction band in GaAs is non parabolic, and this 
BNP can be calculated in both cases, using Eq. (4); however, the kinetic 
energy term К in Eq. (4) depends on the electron density and vanishes in 
the case of n-GaAs. At low fields, several anomalies are present in the 
CR energies of the 2D system. At high fields, only Landau level transi­
tions 0 + 1 take place and the picture seems to be much simpler. There­
fore, the high field data of the 3D and 2D system can be compared 
directly. 
Apart from the contribution to the Landau level transition energies 
Τιω and Δε , we found that in the low field limit the polaron contri­
bution for 3D n-GaAs system is well described by the expression for 
RSPT Δε . For the case of 2D AlGaAs-GaAs heterojunctions, the screening 
RSPT 
suppressed any low field polaron effects, leading to Δε = 0 in the 
2D case. Recent experiments on an AlGaAs-GaAs heterojunction of about 
the same mobility confirmed our result that at low fields no mass 
enhancement due to polaron effects can be observed [28]. Fig. 6 shows a 
comparison of the relevant resonant polaron correction 
ε - W - Δ ε Β Ν Ρ - Δ ε Η 3 Ρ Τ for the high field data (O > 1 transitions) of 
с 
the 2D and 3D system as a function of the energy of the incident radia­
tion ε - hv. Although the resonant polaron effect in 2D AlGaAs-GaAs is 
suppressed by screening, it is still of about the same order of magni­
tude as the resonant polaron effect in n-GaAs. 
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Figure Β: Comparison of the resonant polaron contribution at high energies for 3D 
built n-GaAs ίο) and 2D AlGaAe-GaAe heterojunctions (m) ae a function of the energy of 
incident radiation hv. The data represent the measured CR transition energy minus 
the calculated zero order transition energy йш and BNP correction Δε , evaluated 
ta for the Landau level transition 0*1 using m /m = 0.0648. For n-GaAs, also the loa 
RSPT 0 e 
field polaron correction Δε was subtracted, using a coupling constant a — 0.065; 
for the 2D AlGaAs-GaAs system thie last correction is very small and can be neglect­
ed. 
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V. Conclusion. 
We present CR data of the 3D bulk system n-GaAs and of the 2D elec-
tron system of AlGaAs-GaAs heterojunctions, measured up to energies very 
close to the energy of the optical phonon. Polaron effects are found to 
be significant in both systems, and the Landau level transitions are 
analysed with a model that includes non parabolicity of the conduction 
band and that evaluates polaron effects from a perturbation scheme of 
the Fröhlich Hamiltonian. 
In a detailed comparison of the model with the experimental 3D CR 
data we find for the effective mass in n-GaAs a value ra = 0.0648 m , 
o e 
and a coupling constant α =• 0.065· We show that in order to obtain the 
proper limit Ьш.
n
 for the transition energy, when strong hybridisation 
with the optical phonon has taken place (resonance), band non paraboli­
city has to be taken explicitly into account within the relevant polaron 
model. 
The polaron effect is found to be weaker in the 2D electron gas of an 
AlGaAs-GaAs heterojunction than in a 3D bulk n-GaAs crystal. We can ac­
count for the magnitude of the measured 2D polaron effects within the 
frame-work of the usual polaron model, by a non zero extension of the 
quasi 2D electron wave function in the direction perpendicular to the 
interface and, foremost, by the strength of the screening of the polari­
sation field of the optical phonon due to electron-electron interaction 
in a Thomas-Fermi approximation. From a fit of our expression for the 
Landau level transition energies in the 2D case (including the suppres­
sion of polaron effects due to screening) to the experimental data, it 
appears that the actual screening is about 1.5 to 2 times as strong as 
estimated from the Thomas-Fermi model, and we find that with such a 
strong screening polaron effects at low fields will be suppressed very 
strongly. The anomalies observed at low fields in AlGaAs-GaAs are not 
yet understood, but they do not seem to be due to polaron effects. We 
hope that the availability of CR data close to the resonance will stimu­
late theoretical efforts to extend the detailed calculation of Das Sarma 
and Mason [22] over the whole energy range. 
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CHAPTER 4 Spin splitting of the CR and of the impurity 
induced CR in n-GaAs. 
Abstract. 
The spin induced field splitting of the cyclotron resonance 
and impurity induced cyclotron resonance in GaAs, were investi­
gated up to energies above the optical phonon energy ЙЮтл· 
Although each spin transition of the CR is quite strongly af­
fected Ъу polaron effects, the difference between the spin-up 
and spin-down transition is to a high accuracy unaffected by 
polaron effects. The spin splitting can therefore be used as a 
sensitive check of k«p calculations, and the measurements can 
be used to determine important band parameters of GaAs. 
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4-1 Introduction. 
For semiconductors, the k«p perturbation scheme [l,2] has proven to 
be a very powerful tool to calculate the energy bands in the vicinity of 
the high symmetry points of the Brillouin zone. With this perturbation 
scheme the bandstructure can be calculated, using values of the energy 
gaps and elements of the momentum matrix <p> at these high symmetry 
points. The energy gaps can be taken directly from experiments, but the 
matrix elements of <p> have to be extracted from a comparison of calcu-
lated and experimentally found quantities as the effective mass m and 
the effective Lande factor g . The number of elements of the matrix <p> 
depends on the number of bands included in the perturbation scheme. The 
single matrix element in a 3-band approximation (the conduction band and 
a valence band split into two parts by spin orbit coupling) can be 
* * determined by measuring either m or g and the respective energy gaps. 
» « o o 
Measuring both m and g provides a direct verification of the model, 
i.e. independent on this <p>-raatrix element [3]. The 3-band model is 
found to be accurate for a number of materials with a small gap, as InAs 
and InSb. However, for the wide gap material GaAs, the measured values 
of m and g do not yield the same value for <p> in the 3-band approxi-
mation; this indicates that higher energy conduction bands have to be 
taken into account. When considering 5 bands, both m and g , and the 
values for the energy gaps are needed to determine the two relevant ele-
ments of the <p>-matrix. Weisbuch and Hermann [4] checked the 5-band 
-»· + · » 
k*p model by comparing the experimentally determined values of m and g 
for a number of III-V substitutional alloys, with the values calculated 
from the k'p theory and an estimated dependence of <p> on the composi-
tion of the compound. We suggest that for a single alloy composition 
the k'p approximation can be sensitively checked by measuring the field 
dependence of the spin splitting of the cyclotron resonance (CR) field. 
Additionally, the elements of the <p>-matrix can be calculated more ac-
curately by comparing respectively the theoretically predicted values 
with the experimentally determined spin splitting, m , g , and energy 
gaps. 
Some years ago, it was observed that for GaAs the magnitude of the 
observed field splitting of the spin-up and spin-down CR transition 
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(spin splitting), could not be properly described by the 3-band model 
[5]· In recent work, the field dependence of the spin splitted CR and 
of the so called impurity induced cyclotron resonance (IICR) signal [6] 
was measured with incident radiation of energy below the optical phonon 
energy Ьштл· It was found that the disagreement between the observed 
spin splitting and the splitting calculated using a 3-band model in­
creases with increasing magnetic field, and it was argued that resonant 
polaron effects could not account for this disagreement. 
Here, we will give experimental and theoretical arguments that po­
laron effects do not significantly influence the spin splitting of CR. 
Some preliminary results were published earlier [б]. In this work, we 
have increased the accuracy of our data and we have measured CR at even 
higher energies of incident radiation. We report the first observation 
of a spin splitted CR signal at an energy above îiw,^. 
In Section (4-3) we will discuss the k»p calculation of the spin 
splitting in the presence of polaron effects: We have calculated the ef-
fect of polaron coupling on the spin induced splitting of the CR field 
for the limiting cases of high field, where resonant polaron effects are 
expected, and of low field. We finally compare in Section (4-4) the 
result of a rigorous 5-band k«p calculation with the experimental data, 
and we conclude that measuring the spin induced splitting of the CR sig-
nal ia an ideal tool to check the validity of the k«p approximation and 
the associated bandstructure parameters in semiconductors. 
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4-2 Experimental. 
4-2.1 Set-up. 
The CR and IICR photoconductivity and transmission signals of a pure 
n-GaAs sample (п = 4.4x1014 cm - 5, μ^ ,, = 67000 cm2/Vs at Τ = 77 К) 
were investigated at low temperatures. The measurements were done in 
the Faraday configuration at different FIR laser wavelengths as a func­
tion of a magnetic field. The sample was mounted in a continuous flow 
cryostat. At higher temperatures, the field splitting is smeared out, 
while at lower temperatures, the conduction electrons will freeze out so 
that the CR signal disappears and the photoconductivity measurements be­
come impossible due to the high sample resistivity. However, no shift 
of the IICR and CR signals and their splittings was observed as a func­
tion of temperature. The IICR transmission signal was therefore meas­
ured at Τ = 5 К, the IICR photoconductivity signal at Τ = 10 К and the 
CR signals at Τ = 15 K. The FIR radiation was generated by an optically 
pumped molecular laser described elsewhere [7J; our laser system can 
produce short wavelength laser lines down to λ = 27.7 \m, corresponding 
to an energy hv = 44.8 meV; static magnetic fields up to 25 Τ could be 
applied [β]. 
4-2.2 Biscussion. 
A typical trace of an IICR (ls-2p ) and a CR transition recorded at a 
fixed FIR laser wavelength is shown in Fig. 1. Note that these IICR and 
CR signals appear at approximately the same field but have been measured 
at different wavelengths of the FIR laser. The impurity resonance mani­
fests itself as a quadruplet due to the spin doublet for two different 
impurity species. The analysis of Ref. [9] shows that the field separa­
tion of the first and second pair must be attributed to the chemical 
shift of the two species. The field difference between the first and 
second, and between the third and fourth peak is due to spin splitting. 
The spin splitting of the two IICR and of the CR signals is indicated in 
Fig. 1 and it is found that the magnitude of the three splittings 
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Figure 1: Photoeonduativity signal of 
СаАв ав a function of field. The l8-2p 
and CR t rans i t ion signal were measured 
at different aavelength of incident radi­
ation: λ = 37.8 Mm and λ = 42.3 \m res­
pectively. The splitting of the CR sig­
nals is due to вріп-up and spin-doan 
transitions, and is marked inth an arrow. 
measured at about the same magnetic field do not differ by much. 
In Table 1 we have collected the measured resonance field and split­
ting ΔΒ of the cyclotron resonance signals. The values given are aver­
ages over a number of recorded resonances, the splitting of the IICR 
resonances for the two different impurity species is denoted by ΔΒ1 and 
ΔΒ_, ΔΒ gives the chemical shift, and the average field of the four 
resonances is taken as the resonance field B. It is obvious, that the 
spin splitting observed at the same energy of incident radiation is very 
much different for the IICR and CR signal. However, aa shown in Fig. 1, 
the splitting observed at the same resonance field, is similar for both 
IICR and the CR signals. This is not all too surprising, because the 
spin Zeeman energy for the quasi-free conduction electrons and for the 
electrons bound to the impurities, is also expected to be very similar, 
and the 1s •* 2p (IICR) transition is strongly connected to the η : 0+1 
Landau level (CR) transition. 
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The magnitude of the spin splitting is, consequently, mainly deter­
mined by the strength of the field at resonance and not by the energy of 
the transition. This rules out coupling with the longitudinal optical 
phonon аз an explanation for the field dependence of the splitting, as 
polaron effects would be most prominent close to the optical phonon en­
ergy (bu!.« - 36.75 meV [io]). Polaron effects do therefore not, or only 
very weakly, contribute to the observed splitting, and an interpretation 
of the spin splitting must be found entirely within the framework of 
e.g. a k'p model. 
Laser Line 1s + 2p + IICR η : 0+ 1 CR 
hv [meV] c/v [μιη] Β [τ] Δ ^ ΔΒ 2 ДВ с Β [τ] ΔΒ 
10.44 
15.80 
21.70 
25.99 
28.37 
29-31 
29.41 
29.98 
31 .06 
32.76 
40.7 
118.8 
78.45* 
57.1 
47.7 
4 3 . 7 ( 0 ) 
4 2 . 3 ( 0 
4 2 . 1 ( 6 ) 
4 1 . 3 ( 5 ) 
39-9(2) 
37.8 
30.5 
6.674 
10.08 
12.73 
14.17 
14.73 
14.85 
15.25 
15.97 
17.26 
22.12 
0.011 
0.030 
0.041 
0.055 
0.060 
0.063 
0.064 
0.072 
0.088 
0.132 
0.014 
0.029 
0.050 
0.062 
0.069 
0.074 
0.070 
0.080 
0.096 
0.135 
0.045 
0.090 
0.105 
0.110 
0.115 
0.120 
0.115 
0.125 
0.145 
0.320 
6.123 
13.02 
15.89 
17.51 
18.10 
18.28 
18.73 
19.58 
20.95 
0.016 
0.052 
0.082 
0.105 
0.107 
0.103 
0.133 
0.140 
Table 1 : Experimental values of the resonance field В and the spin 
splitting ΔΒ observed in CR and IICR. The data indicated with * are 
taken from Ref. [9]. ΔΒ denotes the chemical shift. 
In Fig. 2 we have selected an IICR and a CR signal, where the IICR 
was measured with incident radiation of energy well above Ьш.-.. The 
spin splitting of the impurity signal is slightly, but significantly, 
smaller than the splitting of a CR signal estimated for the appropriate 
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value of the magnetic field. The chemical shift is now 0.32 T, signifi­
cantly larger than the chemical shift around 0.11 Τ observed at lower 
fields. This seems to indicate, that the accepted interpretation of the 
chemical shift as due to different, non interacting, shallow donor im­
purities may break down, although this interpretation has been verified 
quite unambiguously for IICH signals well below ñ<An [9]. In further 
work this peculiarity of the IICR signal for energies of incident radia-
tion above Ηω, 0 should be investigated. We suggest that due to the pos­
sibility of real phonon emission at energies above Ьш
г п
 an effective 
coupling of the impurities is achieved. 
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Figure 2: Photoconductivity signal of 
GaAe ae a function of magnetic field. 
The 1б-2р transition was measured at 
a wavelength of incident radiation 
λ - 30.S \m, which corresponds to an 
energy 40.$5 meV above the optical phonon 
energy, й<л = 36.75 meV. The splittings 
between the вріпг-ир and spin-down transi­
tions are marked with an arrow. 
A second small e f fect t h a t needs f u r t h e r study i s the f a c t , t h a t the 
two IICR resonances we have observed show a s p l i t t i n g of q u i t e s i m i l a r 
magnitude, but the s p l i t t i n g of the impurity a t the higher f i e l d value 
i s s l i g h t l y l a r g e r than to be expected from the general dependence on 
the magnetic f i e l d . This same feature was observed in one of the sam­
ples studied by Fettermann and coworkers [ 9 ] , who observed a d i f ference 
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of 0.003 Τ at about 6.7 T. We find a field or energy independent 
difference of 0.006 ± 0.002 T. The field independent difference between 
the IICR spin splittings suggests a zero field splitting for at least 
one of the two impurity species. 
However, all the values of the splittings ΔΒ., ΔΒ- for the impurity 
induced cyclotron resonance signal, and the splitting ΔΒ for the conduc­
tion electron cyclotron resonance can be represented by one smooth func­
tion of the magnetic field as we will show in Section (4-4) below. 
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4-3 Polaron effect on the spin splitting. 
Here we will comment from a more theoretical point of view on the 
strength of the field splitting of the CR signal and the influence 
thereupon of polaron effects. The calculation is strictly valid only 
for the CR transition, hut due to the strong similarity of the shallow 
impurity and the quasi-free electron system, moat of the results are 
also helieved to hold for the spin splitting of the 1з-2р IICR transi­
tions. 
First, we will calculate an approximative value for the resonant po­
laron correction to the spin induced field splitting. This calculation 
does not depend on the specific energy band approximation (e.g. 3- or 
5-band model). We will denote the energy of the n-th Landau level of 
the spin-up or spin-down state with E . The Landau energy will depend 
on the applied magnetic field В and the component of the wavevector 
parallel to the field, к , on band parameters (e.g. from a k«p calcula­
tion), and on a polaron correction to the energy: E = E
 +
p
 + ΔΕ^
+
 . 
Experimentally, we will measure the fields B
+
 at which the Landau tran­
sition η : 0+1 will be resonant with a given energy of incident radia­
tion: E.
+
(B
+
) - E
 +
(B
+
) • hv. The energies E
 +
 do in fact depend on k. 
(E .(k-.B)) but as we are measuring at low temperatures, the transitions 
will occur only at k.,= 0 and then E .(k„,B) a Ε .(В). The data can be 
υ ηΐ n n± 
represented by ΔΒ as a function of the magnetic field at the resonance: 
ΔΒ » В - B_ and В - j (В + B_). 
For the moment, we will restrict ourselves to the resonant polaron 
effect, when the transition energy is close to the optical phonon energy 
hid.-., and we will only consider Landau level transitions between the 
η • 0 and η » 1 level. In this case, we may approximate the Wigner-
Brillouin perturbation expression of the polaron energy [il], and find 
zero correction for the η = 0 level, ΔΕ Ρ^ = 0; but for the η - 1 Landau 
o± 
level we find 
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ΔΕ?!1 - Ι ν2 -Ζ Д ^ (1 ) 
the summation extends over the phonon wavevector q; ν is proportional 
to ci/q [12] where α is the Fröhlich coupling constant; the matrix ele-
1 1Ρ ? 1 Ρ ? Τι Ρ Μ 4 Λ " a exp(- -τ- a ) with a = —=· q , where q is the phonon 
'10 1 2 χ ± eB ± i. 
wavevector component perpendicular to the magnetic field. The zero ord­
er energies in the perturbation expression of Eq. (l) are the k»p per-
turbed Landau level energies E
 +
 . This is very similar to the case of 
Ref. [13]. 
From an inspection of the denominator in Eq. ( l ) , we find that the 
polaron correction depends on the spin direction (due to the k«p per­
turbed Landau level energies), although the electron-phonon interaction 
is spin independent, and consequently the matrix element |м|1(-. and the 
value of the coupling constant α are the same for both spin states. 
This is supported by experiments. A difference in the polaron interac­
tion for spin-up and spin-down states, would for example lift the spin 
degeneracy of the grounstate at zero magnetic field, and the resulting 
splitting of the conduction band could be verified in principle by ESR 
and an extrapolation to zero field. No such effect is observed [l4j. 
For a parabolic band, where E p = E p, Eq. (1) is exactly the same 
for both directions of the spin, and therefore, ΔΕ^ = ΔΕ*^ , and con­
sequently the spin splitting of the CR signal will be zero even when po-
laron interaction is present. For the general case of E * E but 
assuming a parabolic band in the direction parallel to the field, one 
has: E ^ р ( к
н
, В ) • Ε ^(Ο,Β) + fi k,./2m . At resonance with a given ener-
o± И o± I  
gy hv, the denominator in Eq. (1) will in that case simply be equal to 
2 2 * 
hv - ^ω.. - (fi q1)/2m for both spin states, and any difference between 
spin-up and spin-down polaron energy is exclusively due to the magnetic 
field dependence of the matrix element |м|1П. 
If we write the derivative ÔE . (Β)/δΒ as (η + -^ Oefi/m and also ex-
n± ¿ 
press the difference between the polaron contributions for spin-up and 
spin-down transitions around В аз C(efi/m )ΔΒ, these linear approxima­
tions around В give the following result for the magnetic field depen-
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dence of the spin splitting: 
E*7(B) - EJ;P(B) - S^P(B) + E^7(B) « (1+C) 4 ΔΒ (2) 
ш 
and С (which may depend on B) just gives the fraction of the spin split­
ting at the field В due to resonant polaron effects. 
The factor С can be calculated in a straightforward way using Eq. 
(1). We have to evaluate (m /βϊι)(δΔΕ^ /ôB), and after summing over q. 
and differentiating with respect to the field, we obtain 
2 
С - f (β
ο
Β)-5 / 2 ƒ C g -2 d* (3) 
2 0
 0 [(R/ßoB)1/2 + x ] 2 
wh ere β • eh/m ^ ^ л аП1* R • 1 - hv/fio».». Near resonance with the opti­
cal phonon R is small and β В is of order 1, and we may neglect the 
first term in the denominator of the integral expression Eq. (3). In 
this approximation, we find an upper limit С < (·=• α/π)/(β В) . In the 
case of GaAs and a magnetic field of В = 20 Τ, С will be smaller than 
0.03, and it will vanish for very high magnetic fields. We may there­
fore conclude that the resonant polaron contribution to the spin induced 
field splitting of the CR signal is very small, the reason being that at 
resonance with the incident radiation of energy hv the denominator of 
the single term, resonant with Τιω
τ
„, is the same for both directions of 
LU 
the spin, independent of the details of the band energies. 
At zero field the expression of Eq. (3) for С diverges; this is not 
surprising since the approximation made in Eq. (l) is not valid at low 
fields. ΔΕ^
+
 of Eq. (1) goes to zero as a square root of В for low 
fields. This of course is not correct [il]. For a calculation of the 
polaron contribution to the spin induced splitting at low fields all the 
perturbation terms should be included. Now, the energy denominators of 
all perturbation terms, except the single term resonant with Ьютл con­
sidered above, do depend on the direction of the spin, and have to be 
evaluated using an explicit expression for the energy Ε
 +
 (В). 
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The most simple expression for the field dependent energy can be ob­
tained from a 2-band k^p model (see Chapter 5-3); we find, to quadratic 
order in the field, E k* p = E 0
+
 - (E0
+
)2/e , where E 0
+
 =· (n + у)Гіи> ± 
•^ -LLg В, where ηω = eRB/m , u_, = eh/2m the Bohr magneton, and e the 
¿DO с o o e g 
energy of the fundamental gap determining the strength of the non para-
bolicity of the band. The term giving the non parabolicity is spin 
dependent, and will cause the spin splitting of the CR signal. The k»p 
perturbed Landau level transition energy is E?. - E . • ηω -
2 1 · * 0 - c 
2(ϊιω ) (l ± —g m /m )/ε . Applying this expression, while neglecting 
с 4 o o e g
 n 
the polaron effect, the splitting will be ΔΒ = Sp^g Β /ε at resonance 
with the given energy hv and at low fields. 
Das Sarma and Mason have calculated the polaron correction to the CR 
transition energy in the presence of band non parabolicity and in the 
limit of low fields [13]> this is discussed in some detail in Section 
(3-3.IV.a) of this thesis. They estimated the non parabolicity with a 
2-band k»p expression but neglected the spin Zeeman term. We introduce 
the spin dependence into their result by substituting an effective gap 
ε • ε /(1 ± jg m /m ) for the energy gap in their final result, and 
obtain for the field splitting between the spin-up and spin-down transi­
tions resonant with energy hv: 
ΔΒ - 2-^^ 2(1 + f Ο,Χΐ + C 2) (4) 
S 
where the two factors in brackets represent the polaron correction to 
the spin splitting in the limit of low fields discussed. The factor 
(1 + -j- C.) is the polaron enhancement of the effective mass of the bare 
electron, in the case of GaAs equal to 1.013, the polaron enhanced ef­
fective mass m (1 + -т- С. ) should be used when evaluating E. in the ex-
o o i i 
pression of the k«p perturbed Landau level energy. The factor (1 + C.) 
is due to the effect of the non parabolicity of the band on the polaron 
correction ΔΕ
 +
 , in the case of GaAs this represents again a very small 
contribution C- = 1.5x10 . 
The polaron contribution to the spin induced splitting of the CR sig­
nal is therefore less than 3% in both the low field regime and in the 
high field regime near resonance with Ьшт«· This is very different from 
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the сазе of the position of the cyclotron resonance; the position will 
depend strongly on the non parabolicity of the band and the polaron 
correction, as we discussed in great length in Chapter 3. Because the 
polaron effect has so little influence on the spin splitting, the energy 
of the conduction band of GaAs, and of semiconductors like GaSb and InP 
with a similar bandstructure, can be determined most reliably by relat­
ing the k»p bandstructure calculations with the experimental quantities 
* * Г i-I 
m , g , and the field and orientation dependence [15J of the spin in-
0 0
 » 
duced splitting of the CR signal, m can be found from CR measurements 
and an extrapolation to zero field; the polaron corrections are of order 
•τ C. , in the case of GaAs about 1^. g can be determined from the ESR 
at low field; in this case polaron contributions will be vanishingly 
small. 
In Section (4-4) we will determine the band parameters for GaAs using 
a detailed comparison of 5-band k«p calculations with the observed spin 
induced splitting of the CR. 
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4-4 Five-level k«p model for conduction electrons in GaAs. 
Description of cyclotron resonance experiments. 
W.Zawadzki and P. Pfeffer 
Institute of Physics, Polish Academy of Sciences, 
02668 Warsaw, Poland 
and 
H. Sigg 
Physics Laboratory and Research Institute or Materials, 
University of Nijmegen, Toernooiveld, Nijmegen, The Netherlands 
A five-level k»p model for the conduction electrons in GaAs in 
the presence of a quantising magnetic field is developed and used 
to describe spin splittings of the cyclotron resonance and the 
donor-shifted cyclotron resonance peaks, observed in this material 
up to fields of 22.5 T. It is shown that the spin splittings are 
insensitive to polaron effects and that their values can be very 
well described by the model. 
Required band parameters correctly account for the rate of 
electron spin relaxation in SaAs due to inversion asymmetry, as 
determined by other authors. 
7Θ 
I. Introduction. 
Gallium arsenide has become in recent times the second most important 
material for semiconductor applications· This fact has activated 
numerous experimental investigations of its properties, in particular in 
two-dimensional systems. On the other hand, the existing theoretical 
description of the band structure of GaAs is oversimplified. It has 
been commonly assumed that the conduction band is spherical and parabol­
ic, or, when this assumption proved manifestly insufficient, a three-
level nonparabolic k*p model has been used. However, as observed by 
Hermann and Weisbuch [i], the three-level model does not describe 
correctly the observed values of the effective mass m and the spin-
»
 0 
splitting factor g at the conduction bandedge. The reason for this 
inadequacy is that the three-level model is suitable for small-gap semi-
conductors, in which the k'p interaction between the conduction level 
and the nearest valence levels dominates. In GaAs this holds only very 
approximately since the fundamental gap is 1.5 eV, while the energy in­
terval to higher conduction levels is 3 eV. Hermann and Weisbuch showed 
• · 
that one could describe m and g using a five-level model taking into 
о о 
account two higher conduction levels and including distant-level contri­
butions. In a recent paper Rössler [2] extended the k»p model to five 
levels in order to describe e(k) dependence in absence of external 
fields. 
We have elaborated independently a five-level k'p model for GaAs, 
GaSb and InP, describing e{k) dependences in absence of external fields 
and magnetic energies in the presence of a quantising magnetic field 
[J]. The purpose of this communication is to test this model, comparing 
the resulting description with recent cyclotron resonance experiments on 
GaAs [4]. We show that such a comparison gives a possibility to deter-
mine more precisely the involved band parameters. 
II. Five-level Model. 
The initial eigenvalue problem for an electron in a periodic poten-
tial in the presence of an external magnetic field B, written in the 
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Luttinger-Kohn representation, is [5] 
I [ ( ¿ p 2 + εΐ - ε ) δΐ·ΐ + г1'1- ? + "вН·! I fl • 0 (1) 
fj are envelope functions, m is the free-electron mass, Ρ = ρ + eB is 
the kinetic momentum, ε., are bandedge energies, κ , and σ.,. are inter-
band matrix elements of p/m and of the Pauli spin operators a, respec­
tively. Indices 1 and 1' run over all bands. Small interband matrix 
elements of spin-orbit interaction have been omitted in Eq. (1). 
We truncate the infinite set of coupled differential equations (1) 
into a finite set of 14 equations considering a five-level model at k=0 
(cf. Fig. 1). The distant level contributions to the conduction band 
Figure 1: Five-level model for the con­
duction band of GaAe near the Γ point of 
the Brillouin zone. 
are included later in a parabolic approximation. The truncated set in­
volves three different matrix elements: <s|p |χ^> - Ρ ; <s|p |χ°> - P. 
and <хЛр |Z°> - - a ° ( p |Ζς> - Q. Together with distant-level contribu-
'Г 5' :5,ry'"5 
tions С and C' to m and g , respectively (cf. Ref. [i]), they consti­
tute five parameters of the model, since the energy gaps are known from 
optical experiments (cf. Table 1). 
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Eo = 1.519 eV 
E1 - 2.969 eV 
С - 0 
Ρ - 10.44 eV А 
Q(eV А) = 0 ( 2 ) ; 
С - -2 
Ρ - 10.50 eV А 
Q(eV А) = 0 ( 3 ) ; 
6, 
6. 
Δ = 0.341 eV 
0 
Δ1 - 0.171 eV 
С' = 0 
P1 = 6.45 eV А 
.80 ( 4 ) ; 8.99 (6) 
С' =•= -0.02 
F1 = 4.67 eV А 
.26 ( 5 ) ; 8.99 (7) 
Table 1: Band parameters of five-level k«p 
model for conduction electrons in GaAs, used 
in the calculations. The numbers in parenthe­
ses refer to the theoretical curves in Fig. 3· 
Due to appearance of the matrix element Q the resulting conduction Tg 
band is nonspherical. In consequence, solutions of the truncated set 
(1) are not given by simple harmonic oscillator functions, as in the 
case of the three-level model [5]. Following a procedure of Evtuhov 
[б], we look for envelope functions f, in the form of sums of harmonic 
oscillator functions. The differential eigenvalue problem can be then 
represented in the form of an infinite number matrix, in which different 
Landau states are coupled by matrix elements involving Q. We are in­
terested in magnetic energies for к = 0 . Diagonalising the matrix for a 
given Landau state n± it is enough to include the nearest states coupled 
to the state in question by Q elements. This corresponds to the second 
order perturbation theory in Q which is a very good approximation, since 
Q affects the conduction Tg band only indirectly. The details of the 
procedure are described in Hef. [3]. For 0 + state the truncated matrix 
has dimensions 12x12, for 0~ state 10x10, for 1 + state 17x17, and for l" 
state 14x14. 
In Table 1 we quote band parameters used in the calculations. Ener­
gies Ε , Ε., Δ , Δ. have been taken after Refe. [7,8]. The remaining 
ο ί ο ι 
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parameters have been used in two sets: l) with С = С' « 0; 2) with С « 
-2, С' = -0.02 (after Ref. [i]). Momentum matrix elements Ρ and P. 
» # 0 
have been calculated requiring m - 0.0665 m [9,1θ] and g • -0.44 
[11,12,13]. Three values of Q have been used for each set : Q O , Q 
and Q . The value of Q (the same for both sets) has been calculat­
ed using the approximate relation q = 2Q Δ./9(E +E ) and the value of 
q = 0.04, as estimated in Refs. [14,15]. Q f. t (different for each set) 
has Ъееп adjusted to fit the experimental data for CR spin doublet. 
1 
f i t 
I I I . Results and d i s c u s s i o n . 
We t e s t the v a l i d i t y of the model for GaAs comparing the r e s u l t i n g 
t h e o r e t i c a l energy l e v e l s with recent cyclotron resonance (CR) and 
donor-shif ted cyclotron resonance (DSCR) data [ 4 ] . There one had meas­
ured a s p l i t t i n g of the CH l i n e and of the DSCH l i n e due to energy 
di f ference of spin-down and spin-up t r a n s i t i o n s . The measurements were 
performed a t a fixed l a s e r frequency sweeping magnetic f i e l d . The 
scheme of t r a n s i t i o n s involved i s shown in Fig. 2. Two donor species 
Figure 2: Optical tvaneitiona of the 
eyelotvon евотпав and of the donov-
ehifted cyclotron resonance (for too 
donor species). Spin-up and spin-doan 
transitions do not have the same energy 
due to band's nonparabolicity. 
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have been ohserved, as indicated. In a parabolic band spin transitions 
should have the same energy. In a nonstandard band the spin doublet 
results from nonparabolic features of both orbital and spin magnetic 
quantization. 
One observed [4] a strong increase of the doublet splitting as a 
function of laser frequency (or a corresponding resonance magnetic 
field), which could not be explained by the three-level model (cf. 
Fig. 3)· It was previously suggested that the splitting seems to be 
connected to the polaron effect [4,16]. Indeed, as shown by Lindemann 
et al. [іб], it is in principle difficult to differentiate between non-
parabolic effects caused by the band structure and those due to the 
electron-optic phonon interaction for energies below Reststrahlen. 
ΔΒ(Τ) 1 
О 5 10 15 20 25 
В (Τ) 
Figure 3: Spin doublet splitting of the cyclotron reeonance (empty points) and of 
the donor-shifted cyclotron vesonanee (full points) in GaAe versus magnetic field in­
tensity. The euroes show theoretical calculdtions: 1 - three level model, 
2-7 - five-level model for various band parameters. Curves 4 and 5 almost coincide. 
The t-riangle-points are after Fetterman et al. [23]. 
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However, we argue that the splitting of CR and DSCR spin doublet 
measured at a fixed light frequency is insensitive to polaron effects. 
The first argument in support of this thesis is experimental. In Fig. 3 
we show the data of Ref. [4], partially remeasured and augmented by ad­
ditional points (see Section 4-2 above). It can be seen that the split­
tings of both CR and DSCR doublet follow basically the same magnetic 
field dependence. On the other hand, at a given magnetic field the en­
ergy of DSCR transition is substantially larger than that of the CR 
transition. (This is indicated schematically in Fig. 2 and can be seen 
directly in Fig. 1 of Ref. [4].) Were the polaron effects important for 
the doublet splitting, the latter would depend on the ratio of a transi­
tion energy Δε to the optic phonon energy bia-f-, which would in turn 
result in different splittings of CR and DSCR lines for a given field. 
This is not observed. 
The second argument is theoretical. We consider a resonant polaron 
related to spin-conserving electron transitions from the upper Landau 
state (n=l) to the ground state (n=0), accompanied by an optic phonons 
emission, in the range of magnetic fields ηω = ^ Ч п ' According to the 
Wigner-Brillouin perturbation theory the energy ЕГ of the lower polaron 
branch for each spin is given by 
t .
 E o ± . І < ? | Н ; ; І О ± > І 2 ( 2 ) 
1 1
 "î<-4o 
0+ 0+ 
where E. and E are unperturbed energies of the two Landau states, 
respectively. <1±|н ^|θ± > is the matrix element of the electron-phonon 
(Fröhlich) interaction. A similar expression can be written for 
magneto-donor polaron states. It is clear that for a fixed light fre-
quency ϊιω - E~ - E the denominators of Eq. (2) for both spin transi­
tions are the same. The two transitions occur at somewhat different 
magnetic fields, so that <1+|нер|о+> and <1-|нер|о-> are somewhat dif­
ferent, but this difference is very slight since the matrix element is a 
slowly varying function of the field intensity. 
Thus, both spin transitions are influenced by the electron-phonon in­
teraction in a very similar way, which leaves the difference between 
them almost unaffected. It should be emphasized that each spin transi-
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tion of CR and DSCR separately is quite strongly affected by the polaron 
effects near the resonance with optic phonons (cf. Fig. 1 of Ref. [4])· 
A closer examination of Fig. 3 reveals that the experimental DSCR 
doublet splittings are on average somewhat smaller than the CR split­
tings for the same field intensity. This could be caused by small po­
laron contributions or (more probably) by small differences of the spin 
g-factors for free and bound electrons. The last two DSCR points (at 
the highest fields) have been measured on the upper polaron branch 
(above Reatstrahlen energies), as opposed to all other points. It can 
be seen that their values follow the general magnetic field dependence 
of the DSCR splittings ΔΒ(Β). This again confirms the insensitivity of 
the doublet splittings to polaron effects. 
In Fig. 3 we show also different theoretical calculations of the spin 
doublet splittings. It can be seen that the three-level model (curve 1) 
fails completely in this case. Other calculations, based on the five-
level model, use various values of band parameters. For Q = 0 (curves 2 
and 3) the resulting conduction band is spherical and the energies are 
independent of the field direction. In all other cases (Q * 0) magnetic 
energies depend slightly on the field direction, which we choose 
В I 100 · It can be seen that we are able to describe very well the 
data up to the highest fields available using the five-level model. 
It is of interest to compare the band parameters needed for this 
description with those determined by other authors. In particular, the 
matrix elements Ρ , P. and Q determine spin splitting of the conduction 
band in absence of a magnetic field, due to inversion asymmetry of the 
crystal potential. From the five-level model we calculate this split­
ting to be (for small k-values) 
._ „ ι, 2,. 2. 2 . 2. 2 . 2. 2ч „,2,2,211/2 /,ч ΔΕ « 2v к (к к +k к +k к ) - 9k к к (3) 
ч
4 y z ZX х у ' x y z 1 
where 
WViQlifr-CE^^+vl ( 4 ) 
(A similar formula published recently [l7] misses the factor 2 on the 
right-hand side of Eq. (3))· Using our parameters for the curve 4 
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(C=C'"=0) we get γ = 31 ·3 eV Д - 2 and those for the curve 5 (C.C* 0) give 
γ = 20.7 eV A . The value of γ can be measured investigating spin re­
laxation of conduction electrons (Dyakonov - Perei mechanism [18]). Us­
ing this method Aronov et al. [l9] estimated for GaAs γ » 20.9 eV A 
(this has been calculated from the value of α ж 0.06 using the relation 
2γ - ah5(2m ε )" ' ) and Marushchak et al. [2θ] estimated γ -
—3 
24.5 Α (α - 0.07). Selfconsistent linear-muffin-tin-orbital calcu­
lations [17] (adjusted band model) give γ = 17 eV A~ . Similar values 
are obtained from an analysis of spin polarisation of electrons emitted 
by a GaAs photocathode [21 ]. Thus it would seem that our parametere for 
the curve 4 (with С and C' after Ref. [i]) give a slightly better value 
of γ. On the other hand a recent investigation of variation of the 
electron effective mass in GaAs under hydrostatic pressure [22] suggests 
rather С = 0. All the above discrepancies of the band parameters are 
within accuracy limits of the methods involved. 
We conclude: l) Spin doublet splittings of the cyclotron resonance 
and of the donor-shifted cyclotron resonance measured at fixed light 
frequencies are to a large extent insensitive to polaron effects and 
thus can serve as sensitive tools in precise band structure investiga­
tions. 2) The three-level k»p model fails to describe the magnitude of 
the observed splittings in GaAs. 3) The five-level k-p model describes 
very well the observed doublet splittings with various choices of band 
parameters. 4) The required band parameters are in reasonable agreement 
with those determined by other methods. 
As in the case of other materials, most notably that of InSb, more 
experiments of high precision are needed in order to determine the best 
set of band parameters for GaAs. 
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CHAPTER 5 Cyclotron resonance, combined with transport measurements. 
5-1 Introduction. 
The investigation of the cyclotron resonance (CR) in semiconductors 
is a convenient way to measure the effective mass of the charge car-
riers. In Chapters 3 and 4 of this thesis we have discussed in great 
detail CR measurements on the conduction hand electrons in GaAs and 
AlGaAs-GaAs heterojunctions. We have studied the polaron effect and the 
non paraholicity of the band, very carefully analysing the energy/field 
dependence of the effective mass, and the field dependence of the spin 
induced splitting of the CR signal. 
In this chapter we will further characterize the charge carriers in 
the interface layer of a n-n AlGaAs-GaAs heterojunction by investigating 
d.c. transport properties as the Hall resistance and the Shubnikov-de 
Haas oscillations, and combining these measurements with the CR observed 
in the photoconductivity and in the transmission of incident radiation, 
where we paid special attention to the width of the CR line profile and 
the strength of the CR signal as a function of the temperature. 
The study of the CR and of the Shubnikov-de Haas oscillations in 
AlGaAs-GaAs heterojunctions is presented in Section (5-2). Our analysis 
allowed the characterization of the interface; we found that it con-
tained a large number of shallow impurities and that this leads to 
freezing out of the charge carriers when the temperature is reduced. 
In Section (5-3) we present a study of the CR induced photoconduc-
tivity signal of AlGaAa-GaAs heterojunctions with charge carriers of 
high mobility. We show that the photoresistivity divided by the tem-
perature coefficient of the resistivity, will very well reproduce the CR 
signal as observed in the transmission of incident radiation. It is 
found that the charge carriers at the interface are heated up effective-
ly due to the absorption of the incident radiation at CR. Heating up of 
the charge carrier system is also observed at the impurity induced CR, 
possibly due to the thermal relaxation of impurities located in the GaAs 
close to the interface. 
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Study of impurity states in a n-n GaAs-AlGaAs 
hetero junction using cyclotron resonance 
and Shubnikov-De Haas experiments1) 
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Absfract. The electronic structure of two n-n GaAs-AlGaAs heterojunctions is studied using 
far-infrared cyclotron resonance and Shubnikov-de Haas effect Shallow impurity states, similar to the 
so called "hydrogenic" impurities, are found in both systems. It is found that these impurity states lead 
to a freezing out of electrons from the conduction band with decreasing temperature. 
I. Introduction 
Two dimensional (2D) electron systems have attracted a lot of interest in 
recent years. Most of the investigations on these systems have centred on 
heterojunctions (MOS, SS) and superlattices [1]. These investigations have given 
considerable insight into the fundamental properties of 2D systems, and have 
been of great importance in the development of new electronic devices. 
The most useful technique for the study of these systems is cyclotron 
resonance (CR) and the Shubnikov-de Haas effect (SdH). Among the great 
number of papers published in this field, studies of CR linewidth, mass analysis as 
well as quantum oscillations in tilted field [2] have proven to be a powerful tool in 
understanding the 2D electron-interface impurity system. 
These same techniques have also been used to study questions on the related 
problem of activated conduction in Si inversion layers [3]. However it should be 
noted that one of the difficulties in characterizing the SÌ-SÌO2 interface is caused 
by the presence of rather ill defined surface-imperfections. A more promising 
system to study is the GaAs-AlGaAs heterojunction. Here, because of the 
excellent lattice match, the interface impurities which are believed to be present 
') In honour of J. L. Olsen's 60th birthday. 
2) Dipl.Phys. ΕΤΗ, 1979 (with J. L. Olsen as supervisor) 
*) Dipl.Phys ΕΤΗ, 1959 (with J. L. Olsen as supervisor). 
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are mainly bulk like. To a large extent investigations on GaAs-AlGaAs have 
centred on м-р heterojunctions. In this system, the interaction between impurities 
and 2D interface electron states are small. In comparison, the impurity-interface 
interaction in n-n heterojunctions is large and may lead to activated conduction. 
In this paper we describe CR and SdH experiments on two η-type GaAs-
AlGaAs heterojunctions where Hall measurements suggest an activated conduc­
tivity at temperatures below 77 K. The far-infrared (FIR) data are found to differ 
markedly from those of Si inversion layers [4] and η-p GaAs-AlGaAs hetero­
junctions. Here, no localization in the band edge seems to occur. We must 
conclude that the cause of the activated conductivity is due to shallow donor 
impurities present in the GaAs layer. These shallow donor impurity states are 
very similar to the so called "hydrogenic" impurities found in the bulk for a 
variety of III-V compounds [5]. We believe that this is the first observation of a 
freezing out of 2D electrons in the accumulation layer of a heterojunction due to 
shallow η-type impurity states. 
II. Sample preparation and experimental set-up 
The samples were grown using liquid phase epitaxy into a (multi) layer 
structure of alternating GaAs and A l . G a ^ A s (x = 0.3) layers. The GaAs is 
unintentionally doped with a final donor concentration of ~1.101 5cm"3. Sample 
430 has 3 GaAs and 4 AlGaAs alternating layers with a nominal thickness of 
1430 Â per layer, while sample 456 has only a single layer of GaAs and AlGaAs 
with a nominal thickness of 10000 Â and 1500 Â respectively. The substrate is 
semi-insulating GaAs with Cr as a dopant. The samples were of a suitable 
geometry for van der Pauw and SdH measurements using a 4-point low frequency 
a.с technique. 
The cyclotron resonnace (CR) measurements were performed in the Faraday 
configuration using far-infrared radiation obtained from an optically pumped 
(CO2) CH3OH laser [6]. The measurements were performed in a 15 tesla Bitter 
magnet at the High Field Magnet Laboratory of the University of Nijmegen [7]. 
The transmission spectra were measured using FIR produced by a Grubb-Parsons 
Michelson interferometer [8]. 
ID. Experimental results and discussion 
(a) Characterization of the samples using cyclotron resonance and d.c. transport 
measurements 
The far-infrared transmission of samples 430 and 456 is shown in Fig. 1 for 
incident radiation of λ = 57, 70 and 118 μιτι at temperatures of 6, 35 and 77 К as 
a function of magnetic field. The lower field transmission minima have been 
identified as a ls-2p, [5] and the high field transmission minima can be identified 
with CR. 
The peak position of the resonance fields remain constant as a function of 
temperature, they show a BCR = (mm*le) and Β,,^ρ = BCR-(m*lhe)AE depen­
dence (with m* = 0.07Imo and 0.070mo, with ΔΕ = 3.9 meV and 3.6 meV for the 
93 
Vol 55, 1982 Study of impunty siale? in a n-n GaAs-AlGaAs helero/unclion 639 
TRANSMISSION /У ¿30 . TRANSMISSION # Д56 
T=77K 
I 10'/. ~~~^^У 
- — ^У 
35 К 
б к 
ι 
I 
77 К 
I 35 К ~~ 
6K 
ι 
/ 
Х = 11 врт 
1 
^ 
\ / 70 6pm 
I 
' 1 
[ 77K 
! 35K 
6K 
1 ¡V/ 57 pm 
B(T) B(T) 
10 15 
Figure 1 
The FIR-transmission of the multilayer η -GaAs-AlGaAs heterojunction sample 430 and the single 
layer n-GaAs-AlGaAs heterojunction sample 456 for various temperatures and different wavelengths 
of the incident radiation as a function of the magnetic field The vertical bars indicate a change in 
transmission of 10% 
samples 430 and 456 respectively). This is illustrated in Fig. 2. What seems 
generally true for the two samples is that on lowering the temperature, the 
amplitude of the ls-2p transition increases as the CR amplitude decreases. This is 
more pronounced for sample 456: for example in Fig. 1 (sample 456), the ls-2p 
transition seems to grow at the expense of the CR transition to the extent that at 
the lowest temperature measured (T = 6K) there remains no CR minima for 
λ = 118 and 70 μπι. On the basis of CR, SdH and Hall data, we will argue that 
this decrease of the CR amplitude on decreasing the temperature is due to the 
fact that interface electrons freeze out at low temperatures in the same way as is 
known from bulk semiconductors. We have indications that this freeze-out occurs 
not in all of the 6 interface layers of the multilayer sample 430 which explains the 
quantitatively different behaviour of the two samples investigated. 
In order to make a more quantitative study of the CR data, we define the 
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Energy of incident radiation as a function of peak field for the heterojunctions ls-2p impurity level 
signal CR cyclotron resonance signal 
absorption power AP of a transmission minimum to be the strength of the 
minimum times the half width at full maximum. The average value of AP at 
70 μηι and 118 μηι is determined in this way and shown as a function of 
temperature in Fig. 3. The AP of a CR transmission signal is expected to be 
proportional to the number of conduction electrons times a slowly varying 
function of the temperature. This can be seen in Fig. 3. Note however, that the 
AP of sample 456 tends to zero for low temperatures while that of sample 430 
remains finite. At 77 K, one gets for the ratio АР4зо/АР456 = 4 instead of 6 as one 
would expect from the number of interfaces in both samples, assuming that all the 
electrons are confined to the interfaces; this indicates that at 77 К bulk electrons 
also contribute to the AP. Assuming a constant AP 2 D across one interface and a 
uniform APJD per unit length in the layer, from the numbers of interfaces and 
thicknesses of the GaAs layers one can estimate that at 77 К the bulk contribu­
tion is about 1/3 for sample 456 while it is about 1/130 for sample 430. On 
lowering the temperature the bulk contribution will disappear and the difference 
in the AP for the two samples is determined by the number of the remaining 
electrons at the interfaces only. 
This freeze-out of the 2D electrons is also reflected in the d.c.-transport 
measurements (Table 1). The electron sheet density per interface Пнаіі = (n
e
d)/s 
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Absorption power as a function of temperature. The triangles A denote ls-2p transitions and the full 
circles · denote the CR transitions. The lines are drawn to guide the eye. 
(with s the number of GaAs-AlGaAs interfaces) and mobility μ
ΗΜ
 are deduced 
by Hall measurements at temperatures of 300, 77 and 4.2 K. The sheet density 
n
s<iH a n d effective mass m* are obtained by measuring the oscillation period and 
temperature dependence of the SdH signal. The Fermi energy EF is derived from 
EF = nldn/DÍE) with D(E) = 2m*l-nh2, the density of states of a 2D electron gas, 
assuming a spin degeneracy of 2. For the multiheterojunction sample 430, with 6 
interfaces, one finds different values for the electron sheet densities deduced from 
Hall or SdH measurements, i.e. at 4.2 К п'
нм
 is about 4 times larger than п^н. 
Table 1 
Sample parameters deduced from transport measurements 
Sample 430 
OGaAs, 4AJGaAs alternating layers, 
d = 1430 A per layer) 
Sample 456 
(GaAs-AJGaAs single layer, 
d
r
,.A. = 10000 A, d ^ ^ = 1500 A) 
T(K) 
300 
77 
4.2 
4.2 
t) 
t) 
" H I . (cm 2) 
2.2 x lO 1 2 
1.2X1012 
1.2x10" 
"ΜΗ (cm-2) 
4 .7x10" 
μ·Η.ιι (cm2/V-sec) 
4940 
14820 
16330 
E F (meV) 
16 
m* = 0.071 m0 
Deduced from SdH. 
Deduced from CR. 
'
, H « i i ( c m 2 ) 
І.бхЮ
1 2 
1.1 x IO12 
Ft^ H (cm 2) 
4 . 4 x l 0 , 0 
m* 
Цщі (cm2/V-sec) 
5360 
13900 
~430t 
EF (meV) 
1.5* 
= 0.070 т0ф 
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This can be interpreted as an indication that not all the interfaces behave in the 
same way, in some the 2D electron system may be frozen-out and in others not. 
The SdH data of this sample show one single oscillation, periodic in 1/B, from 
which the sheet density of each of the non-frozen-out 2D layers is determined to 
be n ' = 4 . 7 · 10" cm . The SdH effective mass m* = 0.071 m0 is in excellent 
agreement with the one found from CR. It may then be assumed that the 
remaining interfaces of sample 430 behave like the interface of the single layer 
sample 456. There, at 4.2 К only a weak SdH signal is measured with an 
oscillation period corresponding to nj = 4.4 · IO10 cm . Unfortunately, the weak 
SdH signal in combination with the high resistance at 4.2 К prevents an extraction 
of a reliable value for the effective mass m* or the Hall electron sheet density. 
However, using the effective mass ηι*κ = 0.070m0 determined by CR measure­
ments, it is now possible to determine the Fermi energy for this sample to be 
EF = 1.5 meV. From the sheet conductivity at zero field and the SdH sheet density 
nldH o n e c a n estimate a value for the electron mobility μ = 430 cm2/V · sec. The 
simple fact that CR has been observed at 6 К for λ = 57 μτη with a line width 
comparable to that at 35 and 77 К indicates that this low-field value for the 
mobility is not representative of the mobility in high magnetic fields. It is possible 
that the strong localization present at low temperatures is partially removed by 
the high magnetic fields. This fact may also be the origin of the increased AP of 
the CR signal for λ = 5 7 μ η ι with respect to that of λ = 7 0 μ π ι and 118 μιη 
observed at low temperatures in both samples. From the SdH data of the 
multilayer sample 430 no direct evidence for the existence of frozen-out interface 
electron layers is found; this may be due to the fact that the strong SdH signal due 
to the non-frozen-out layers overshadows a possible weak signal (as seen in 
sample 456). However, from the shape of the CR signal at 6 К for λ = 57 μιη two 
different absorption peaks can be resolved and be attributed to both types of 
interfaces. The shape of the CR absorption peak at 6 К for λ = 57 μπι for sample 
430 is asymmetrically broadened at the low field side of the peak field. In 
contrast, the CR shape for the single layer sample 456 at the same temperature 
and wavelength is symmetric, but shows a remarkable decrease of the peak field 
of about 2.5% with respect to the high temperature value. Therefore, the CR 
absorption peak of sample 456 at 6 К can be understood to be due to two 
different kinds of 2D electron layers; the first is a degenerate electron gas with 
Ep = 16 meV, and the second a nearly frozen-out electron gas with a very low 
Fermi energy. The observed decrease in peak field B C R = (ii>/e)m*R must be 
attributed to a decrease of «ι*κ of 2.5%. This can be explained due to band-
nonparabolicity accompanied by a decrease of the Fermi energy of about 16 meV. 
It is interesting to note that at temperatures above 77 К the Hall data of both 
samples are very similar. No freeze-out appears and all the interfaces seem to 
carry electrons. Finally, the number of "good" 2D interface layers (i.e. layers 
carrying electrons at low temperatures as well) in the multilayer sample 430 can 
be estimated from transport and CR measurements independently. Defining s' the 
number of "good" 2D layers, we get from the SdH and the Hall sheet density 
s' = 6n'HMln
s
HM= 1.5. From the CR absorption power we get s' = AP (77 K)/AP 
(4.2 K) = 2, assuming a temperature independent absorption. Therefore it seem 
reasonable to assume that the multilayer sample 430 has two interfaces carrying a 
degenerate 2D electron gas, and four interfaces showing a freeze-out. 
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(b) Far-infrared transmission and donor impurity states 
In view of the clear indications for depletion found in these 2D interface 
layers under investigation, it is of considerable interest to investigate the impurity 
levels using spectroscopic means as well. This has been done by measuring the 
far-infrared transmission in zero magnetic field, by measuring the temperature 
dependence of the AP of the ls-2p transition of the impurity states, and by 
studying the angular dependence of the CR and the \s-2p transition. 
Figure 4a shows the angular dependence of the CR and the ls-2p transition 
for sample 430. The CR signal shows the typical 2D behaviour, i.e. the CR peak 
field follows closely a BQ/COS β-curve (full line in Fig. 4b), with θ the angle 
between the direction of the magnetic field and the normal to the layers. This 
same B0/cos θ dependence is also seen in the SdH measurements of both samples. 
In contrast, the angular dependence of the ls-2p signal indicates, that similar to 
the spin Zeeman effect [9] the total magnetic field is responsible for the splitting 
rather than the perpendicular component Β
λ
 which determines the Landau level 
splitting. 
As the angular dependence allows a differentiation between the 2D and 3D 
electrons, one can make a crude estimate of an upper limit of a possible 
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Figure 4 
(a) The FIR transmission of sample 430 for various angles. A transmission of 5% is indicated by the 
vertical bars, (b) The angular dependence of the peak field (CR and ls-2p) for sample 430. The solid 
lines represent a B/cos в dependence. 
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contribution due to 3D electrons: as now 3D signals could potentially be seen at 
the unrotated position, one gets from the signal to noise ratio in sample 430 at 
6 К an upper limit of the 3D sheet density of Пз
О
<0.5 · IO 1 0 cm - 2 . 
Note that the observed independence of the angle of the ls-2p transition 
does not necessarily mean that the impurities are distributed uniformly through 
the whole bulk. We will now argue that the impurities are confined at the GaAs 
side of the interface and that they are probably the origin of the observed 
freeze-out. 
The ls-2p transition is considered to be due to shallow hydrogenic donor 
states. It is well known, that in the high field limit the Zeeman effect of this 
system is proportional to the effective mass of the conduction electrons of the 
relevant material. As can be seen in Fig. 3, the observed Zeeman resonance field 
Bij-2p ' s proportional to the cyclotron resonance field BC R, which, through the 
effective mass men, is in itself associated with the GaAs and not the AlGaAs 
layer. In addition, it is possible to make a rough estimate of the binding energies 
of these impurity states. If the field dependence of the energy splitting of the 
ls-2p resonance is linearly extrapolated to zero field (see Fig. 2), one gets a value 
of ДЕ = 3.9те for sample 430 and ДЕ = 3.6те for sample 456. using the 
same linear extrapolation scheme for the bulk GaAs system, one gets AE^n, = 
3.59 meV. [5] The binding energy is proportional to the zero field splitting 
(F e4m* 1 
I N 2(4πεεοΑ2)Ν2 
Using a bulk value for the binding energy in GaAs of 5.86 meV [5], one gets 
values of 6.3 meV and 5.9 meV for sample 430 and sample 456 respectively. 
These differences can be attributed to the specific impurity itself or possibly to the 
interface dipole field. 
It is interesting to note that the total absorption power of sample 456 
(AP,
s
_2p + APCR) remains approximately constant, independent of the tempera­
ture. In order to analyse this feature, we have performed separate CR measure­
ments on a non-degenerate bulk n-GaAs sample under the same experimental 
conditions. These measurements show that the transition probabilities for the 
ls-2p transition and the CR transition are equal, and that the absorption power is 
proportional to the number of neutral donors (nD) and conduction electrons (ne), 
determined independently from transport measurements. In analogy to these bulk 
experiments, we may therefore assume that in these heterojunctions the donor 
states are filled up at the expenses of the 2D conduction electrons, and that the 
total number of donors is the same as the number of electrons at 77 К {n
e
d = 
n0d = 1.1 · 10
12
 cm
- 2
 for sample 456). Using this number and assuming a uniform 
distribution of the impurities over the 10000 Â thick GaAs layer, one gets an 
impurity concentration of nD= 1.1 · 1016cm~3. This value is about a factor of 10 
higher than expected from the donor concentration deduced using bulk test 
specimens grown under the same conditions. Therefore, we expect that a consid-
erable amount of donors is introduced into the GaAs of the heterojunction by 
cross diffusion from the highly doped AlGaAs layer and not during the GaAs 
growth cycle. 
In an attempt to characterize the donor states of these heterojunctions more 
directly, we have also measured the far-infrared transmission spectrum for sample 
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Figure 5 
Normalized transmission of sample 430 with respect to bulk GaAs as a function of incident radiation; 
the insert indicates the schematic energy band at the interface (z = 0). 
430 as well as for a bulk η-GaAs reference sample. The transmission of sample 
430, normalized with respect to bulk n-GaAs is shown in Fig. 5. At low energies, 
the normalized transmission is nearly constant and arbitrarily adjusted to unity; 
however, near 20 meV a minimum appears which is not present in bulk GaAs and 
which is therefore related to the heterojunction. In order to investigate whether 
this minimum is due to possible interface effects inherent to such heterostructures 
(e.g. interface states), we also measured the transmission of a similar n-p-
multiheterojunction, where no freeze-out has been found; here, the spectrum is 
found to be identical to the one of bulk GaAs in the energy region investigated. 
As the difference of this multilayer compared with sample 430 is the growth 
temperature (leaving the GaAs-layer slightly p-doped), we may conclude that the 
absorption minimum of the η-type sample 430 is due to a shallow donor 
absorption and not due to interface states. This broad absorption at about 20 meV 
can be identified with a transition from the ls-shallow impurity level to states in 
the conduction band above EF; this is in fair agreement with the value of 
EF = 16 meV and an impurity binding energy of 6.3 meV as found in sample 430. 
Note that this transition can only occur at the interface (and not in the bulk) as is 
shown schematically in the insert of Fig. 5. 
Г . Condusioiis 
In a non-degenerate η-type bulk semiconductor a freezing-out of the elec­
trons to the donor states is well known from the literature; in the single layer and 
multilayer heterojunction investigated in the present study, we now also clearly 
see a freeze-out of the 2D conduction electrons to impurity states as the 
temperature decreases. The angular dependence of the CR-signal, SdH measure­
ments, the existence of high mobility coupled with a high sheet density n
e
 · d 
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(d = thickness of the GaAs layer) and the mass enhancement shows that the 
electrons are 2D confined. If present, the number of bulk conduction electrons 
must be quite small (n,, · d <0.5 10~ l ocm"2). A strong absorption peak at 20 meV 
is identified with a transition from an impurity level to the conduction band at the 
interface The mass enhancement of 4% relative to bulk GaAs must be due to 
either small band bending or a wide potential well and suggests a smooth 
AlGaAs-GaAs interface. An enhanced CR-absorption in high magnetic field 
could indicate a delocalization of confined electrons, but unfortunately no further 
evidence in transport measurements has yet been found. 
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CYCLOTRON RESONANCE FROM THE FAR INFRARED TRANSMISSION AND THE PHOTOCONDUCTIVITY 
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Cyclotron resonance is investigated in far infrared transmission and in 
photoconductivity measurements on a two-dimensional electron gas in an 
AlGaAs/GaAs helerojunction The photoresistivity signal, divided by the 
temperature coefficient of the resistivity, displayed as a function of mag-
netic field, reproduces quite well the cyclotron resonance Une observed in 
transmission There is a slight difference in line width, which may be due to 
a shorter scattering time for localized as compared to non-localized 
electrons 
THE APPEARANCE of pronounced steps in the Hall 
resistance of a two-dimensional electron gas is believed 
to be due to the existence of localized states in the wings 
of the Landau levels The nature of these localized states 
which prohibit a considerable fraction of the electrons 
to contribute to the conduction is still a matter of dis-
cussion Impurities or potential fluctuations at the inter-
face may be the origin for localization They may give 
rise to different scattering tunes for localized and non-
localized electrons Cyclotron resonance (CR) measure-
ment is a technique widely applied to obtain information 
about the electron effective mass and the electron 
scattenng tune Both, infrared transmission as well as 
photoconductivity can in principle be used for CR 
measurements A quantitative comparison between both 
types of measurements, earned out in the same exper-
iment, has not yet been made Since localized electrons 
do not contribute to the conductivity it is expected that 
the photoconductivity displays the cyclotron resonance 
of specifically the non-localized electrons On the other 
hand, in optical transmission measurements the cyclo-
tron resonance of both, localized and non-localized elec-
trons should be observed Differences m scattenng tune 
and effective mass for localized and non-localized elec-
trons might show up as a difference of the CR lines in 
both types of measurements 
In bulk material a measurement of the photocon-
ductivity [1] either via the magneto resistance or the 
Hall resistance [2] is an easy and very sensitive way to 
study cyclotron resonance Also in a two-dimensional 
electron gas, for example m inversion layers in silicon 
MOSFET's [3] or GaAs/AlGaAs heterojunctions [4, 5], 
photoconductivity measurements have been used to 
study the cyclotron resonance However, in these two-
dimensional systems the CR mduced photosignal is 
usually distorted or obscured by a strong magnetic field 
dependent signal [3—5], which is related to the tempera-
ture dependence of the Shubnikov—de Haas oscillations 
Unless the measured photosignal is corrected for this 
distortion a relevant comparison between the CR signals 
obtained from photoconductivity and optical trans-
mission cannot be carried out 
In this paper we report on far-infrared transmission 
and photoconductivity measurements on the cyclotron 
resonance of the two-dimensional electron gas in an 
AlGaAs/GaAs helerojunction We present a method to 
analyze the photoconductivity measurements This 
method is based on the assumption that absorption of 
far-infrared radiation in first order leads to heating of 
the electron gas This assumption yields quite good 
results The peak positions of the CR line as measured m 
the infrared transmission are the same within expenmen-
tal error (1%) as in the analyzed photoconductivity The 
width of the line (FWHM), as measured from the far-
infrared transmission turns out to be slightly (1 3 ± 0 2 
tunes) broader than the widths obtained from the 
analyzed photoconductivity measurement 
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The measurements were performed on a GaAs/ 
MxGz¡-xAs (χ = 0 3) heterojunction grown by means 
of metal organic chemical vapour deposition (MOCVD) 
The silicon dope concentration in the AlGaAs layer was 
7 5 χ 1017cm"3 An undoped AlGaAs spacer layçr 
(S nm) served to reduce the Coulomb scattering of the 
ionized donors The thickness of the GaAs layer was 
500 nm The mobility of the sample was 30000 cm2 Vs"1 
at 4 2 К The earner density n
s
 equalled 4 χ 10" cm"2 
A standard Hall-bar sample, ΙΟΟμπι wide and 1400μπ\ 
long, was used The bias current was 1 microampere The 
sample was immersed in liquid helium at a temperature 
of 1 5 К The magnetic field was produced by a 14 2 Τ 
Bitter coil The far-infrared transmission was detected by 
means of a carbon resistor mounted below the sample 
Changes in the resistance of this resistor due to chopped 
far-infrared radiation were detected by means of a lock-
in amplifier The output signal was digitized and stored 
m a computer system The magneto resistance and the 
Hall resistance of the sample were measured with and 
without CW laser irradiation as a function of the mag­
netic field by means of digital voltmeters By means of a 
lock-in amplifier we also measured the change in the 
magneto resistance and the Hall resistance with the far-
mfrared radiation chopped at a frequency of 11 Hz All 
the data were stored in the computer system 
The conductivity of a two-dimensional electron gas 
in a magnetic field is strongly dependent on the energy 
distribution of the electrons in the Landau levels The 
Shubnikov-de Haas oscillations and the shape of the 
quantum Hall steps are therefore temperature depen­
dent When far-infrared radiation is absorbed by the 
electrons the equilibrium energy distribution is changed, 
since electrons are excited from one Landau level to the 
next higher level After some time the electrons relax 
either by photon or by phonon emission The phonons 
can be reabsorbed and lead to an energy redistribution 
of the electrons Unless we know all the time constants 
of the scattering processes involved in the system, it is 
not possible to predict the energy distribution and its 
effect on the conductivity However, at excitation rates, 
which are low in respect to the relaxation time of the 
electrons we expect that the energy distribution can be 
approximated by a Fermi function at an mcreased tem­
perature The temperature mcrease shows up as a change 
m the conductivity Division of this change by the tem­
perature coefficient of the conductivity yields the tem­
perature nse, which, in first order, is proportional to the 
absorbed laser power The temperature coefficient of 
the conductivity can be obtained by measunng the 
magneto resistance and the Hall resistance at several bath 
temperatures as a function of magnetic field 
The analysis of the photoconductivity data was 
done as follows First the magneto resistance (Fig. 1) 
0 5 10 
MAGNETIC FIELD BIT] 
Fig 1 Resistivity p
xx
 recorded at a temperature of 
1 5 К (trace la) and 4 2 К (trace lb) as a function of 
magnetic field The difference in resistivity p
xx
 between 
1 5 and 2 К is shown in trace 2 Trace 3 shows the 
change in resistivity due to the CW far-infrared radiation 
(wavelength 118 8 μπι) Trace 4 shows the photocon­
ductivity after division by the temperature coefficient of 
the resistivity p^ (trace 3 divided by trace 2) Dotted 
parts of trace 4 indicate the regions, where the analysis 
becomes less accurate (Δρ,, close to zero), for Ap
xx
 = 0 
the analysis is not earned out and the trace is inter­
rupted Trace 5 gives the far-infrared absorption 
and the Hall resistance (Fig 2) were measured as a func­
tion of the magnetic field for temperatures of 1 5 К 
(Fig 1 and Fig 2, trace la), 2 К (Fig 2, trace 1 b), and 
4 2K(Fig 1, trace lb) With a computer we subtracted 
the data obtained at 1 5 К from those obtained at 2 К 
The result, which is displayed as trace 2 (Fig 1 and 
Fig 2), represents the temperature coefficient of the 
magneto resistance (trace 2 of Fig 1) and the Hall resis­
tance (trace 2 of Fig 2) It turned out that at fixed mag­
netic field the temperature coefficient is only weakly 
dependent on the bath temperature The variation is less 
than 20% for temperatures between 1 5 and 4 2 К Next 
the far-infrared laser was switched on at a bath tempera­
ture of 1 5 К Again we measured both resistances as a 
function of the magnetic field We subtracted the data 
with and without laser irradiation at 1 5 К Trace 3 of 
Fig 1 shows an example of the magnetoresistance In 
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10 11 12 13 14 
MAGNETIC FIELD BIT] 
Fig 2 Hall resistance p
xy recorded at a temperature of 
1 5 К (trace 1 a) and 2 К (trace 1 b) as a function of mag­
netic field The difference between trace la and trace lb 
is shown as Ap
xy on an enlarged scale in trace 2 Trace 3 
shows the change in p
xy as-measured by means of a lock-
in amplifier with a chopped laser (wavelength 57 μπ\) 
Trace 4 shows the pholoresistmty divided by the tem­
perature coefficient of the Hall resistance p
xy (trace 3 
divided by trace 2) For ρ
ιν
 = 0 the analysis is not 
carried out and the trace is interrupted Trace 5 gives the 
far-infrared absorption 
addition to these d с measurements we also performed 
one а с measurement with the laser chopped at a fre­
quency of 11 Hz Trace 3 in Fig 2 shows the change of 
the Hall resistance The phase of the lock-in amplifier 
was adjusted to give maximum signal at the CR The 
ratio of trace 3 and trace 2 is displayed as trace 4 in 
Fig 1 and Fig 2 It represents the temperature increase 
of the sample due to the laser irradiation The tempera­
ture increase was always less than 2 К In a certain range 
of the magnetic field trace 4 in Fig 1 is dotted to indi­
cate that the temperature coefficient is close to zero and 
thus the analysis is inaccurate For values of the mag­
netic field, where the denominator has a zero crossing 
the analysis cannot be earned out. Finally, m Fig 1 and 
Fig 2, trace 5 shows the absorbed far-infrared radiation 
for two strong laser lines of wavelength 118 8 and 57pm 
respectively The background signal is due to the mag­
neto resistance of the bolometer 
The CR line in the photoconductivity data as-
measured (trace 3) has quite a different shape and pos­
ition compared to the CR observed in the transmitted 
light signal (trace 5) After analyzing the photoconduc­
tivity data as described above both CR Unes - in trans­
mission and as deduced from photoconductivity — have 
the same position within experimental error (1%) The 
width (FWHM) of the CR peak is slightly (on the average 
1 3 ± 0 2 times) broader than the width of the CR peak 
in the analyzed photoconductivity signal 
The assumption that the far-infrared absorption in 
first order leads to a temperature increase of the electron 
gas thus turns out to be correct The slight difference m 
width of the CR lines is, to our opinion, not due to a 
too high excitation rate, which causes a deviation from 
the Fermi distribution At high excitation rates transfer 
of electrons from a completely filled Landau level to an 
unoccupied level will have a large effect on the conduc­
tivity We do, however, not observe CR in the deep 
minima of the magneto resistance or on the Hall steps 
The reason for the slight difference in width could 
be a difference in scattering time between localized and 
non-localized electrons If there is no thermal con­
tact between localized and non-localized electrons, then 
the photoconductivity signal displays the temperature 
increase of the non-lorahzed electron gas only The 
transmission signal on the other hand displays the 
absorption of both types of electrons The narrower 
width of the CR obtamed from the photoconductivity 
is consistent with a longer scattering time for non-
localized as compared to localized electrons 
At a smaller value of the magnetic field the photo­
conductivity and the transmission signals display a 
nanower resonance peak The frequency dependence 
of the peak position as a function of the magnetic field 
is the same as is known from literature [6] for a ls-2p* 
transition in residual donors in GaAs We attribute this 
to impurities, which absorb infrared radiation and heat 
up the 500 nm thick GaAs layer which carnes the two-
dimensional electron gas The ratio of the amplitude 
of the CR peak and the l î-2p* peak is significantly 
smaller m the photoconductivity measurements than m 
the transmission measurements This holds for both the 
d с (Fig 1) and the lock-in (Fig 2) measurements It 
probably means that the ratio of photon and phonon 
decay is higher for the excited electrons in the 2-D gas 
than for the excited impurities We note that in а с 
measurements great care should be taken, because time 
dependent phenomena [5] which vary with the mag­
netic field even at these low frequencies may change the 
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phase of the detected signal Trace 4 of Fig 2 shows an 
example Here the phase was adjusted to give maximum 
signal at the CR peak It turns out that this adjustment 
is not correct for the \s-2p* peak leading to a wrong 
sign of the signal Apparently phase shifts of the signal 
occur, probably affecting also the shape of the CR line 
In our analysis we thus restrict ourselves to the d с 
measurements 
To summarize, we have shown that it is possible to 
obtain the CR lineshape from photoconductivity 
measurements on a two-dimensional electron gas in an 
AlGaAs/GaAs heterojunction The CR lineshape and 
peak position obtained from the analyzed photoconduc 
tivity are in good agreement with the infrared trans 
mission signal The slightly narrower peak obtained from 
the photoconductivity might be indicative for a longer 
scattering time of non-localized as compared to localized 
electrons 
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SUMMARY. 
In this thesis, we have presented some magneto-optical experiments on 
semiconductor systems in high magnetic fields and at short far infrared 
(FIR) wavelengths. The largest part of this thesis is dedicated to cy­
clotron resonance (CR) measurements on n-GaAs and on AlGaAs-GaAs hetero-
junctions. The most prominent characteristic of these systems is the 
very high mobility of their charge carriers, in the case of n-GaAs a low 
density bulk (3D) electron gas and in the case of AlGaAs-GaAs a high 
density, almost ideally 2-dimensional (2D) electron gas. These systems 
are an example of the III-V semiconductor compounds, which are very im­
portant from the point of view of technological applications. 
CR is the excitation of an electron from one Landau level to the next 
higher Landau level upon absorption of an incident photon of energy h v. 
Resonance occurs when the Landau level transition energy (Λω = ейВ/m ), 
which can be tuned with the applied magnetic field B, coincides with the 
energy of the incident radiation. In the case of GaAs and AlGaAa-GaAs 
where the effective mass is m = 0.07 m , a field of В • 25 Τ соггез-
o e' 
ponds to ηω =• 40 meV, close to the energy of the optical phonon й<і>г
П 
for GaAs. 
For the ideal case of a quasi-free electron system with parabolic 
bandstructure where m is constant, the Landau level transition energy 
depends linearly on the applied magnetic field. The bandstructure of a 
real system, however, is more complicated: Coupling of the different en­
ergy bands will lead to band non parabolicity (BNP); spin-orbit coupling 
will lift the spin degeneracy and the CR signal will then be spin split-
ted because in the presence of BNP the transition energies are different 
for spin-up and spin-down electrons; coupling of the electron with the 
optical phonon will manifest itself in an enhancement of the effective 
mass and in a hybridisation of the Landau levels that become resonant 
with the optical phonon, so that the CR transition energy of the lower 
polaron branch will tend to ϋω,.», for transitions from the n=0 ground 
state to the n=1 Landaulevel accompanied by emission of a longitudinal 
optical phonon. 
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A general description of the experiments and the experimental facili­
ties was given in the Chapters 1 and 2. More specifically, in Chapter 2 
the novel aspects have been discussed of the molecular gas FIR laser 
used for our CR measurements, and we presented a list of newly 
discovered short FIR wavelengths, some of which are shorter than ever 
reported before. 
In Chapter 3 we reported our CR measurements on n-GaAs and AlGaAs-
GaAs, and we discussed the effect of band non parabolicity and the po­
laren mass enhancement due to hybridisation of the Landau levels with 
the optical phonon. First, some qualitative results of the polaron ef­
fect on impurity induced CR and free carrier CR in n-GaAs were given. 
This was the first time that CR measurements were carried out at an en­
ergy so veiy close to the longitudinal optical phonon energy ^4«, and 
the CR data reveal a clear polaron maas enhancement. Ve also presented 
the 3D CR data of bulk n-GaAs together with the 2D CR data obtained in 
AlGaAs-GaAs. With these data the dependence of the polaron mass 
enhancement on dimensionality could be studied. We were able to deduce 
the polaron mass enhancement quantitatively from our measurements, and 
it was found that the enhancement is smaller for the 2D system than for 
the 3D n-GaAs, but the resonant contribution is of about the same order 
of magnitude in both systems. We developed a polaron model for calcu­
lating the CR transition energy, both for the 2D and 3D electron system, 
where non parabolicity of the conduction band, the extension of the 
electron wave function and screening (in a Thomas-Fermi approximation) 
is taken into account. Our model leans on an analysis where BNP correc­
tions are included in the calculation of the polaron contributions, as 
was also suggested recently in the literature. The very good agreement 
with our data in the resonant polaron regime close to ΐωτ 0 strongly sup­
ports this analysis. We also found that screening is important for the 
polaron effect in the 2D electron gas, and obtained quantitative agree­
ment with our data for the mass enhancement when allowing for a screen­
ing about 70 % stronger than expected from the Thomas-Fermi model. 
In Chapter 4 the splitting of the CR line was discussed, measured in 
n-GaAs for spin-up or spin-down spin conserving Landau level transi­
tions. We found that the splitting does not depend on the electron-
phonon interaction and that therefore polaron effects have no influence 
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on the magnitude of this splitting. The spin splitting can therefore be 
compared directly with k'p bandstruoture calculations. When an extended 
5-band к·ρ model is used, excellent agreement is found with our data of 
the spin splitting in GaAs. 
Finally, in Chapter 5, we described CR measurements combined with the 
investigation of transport properties, a CR and Shubnikov-de Haas oscil­
lation study of (n-n) AlGaAs-GaAs heterojunctions. It was found that 
the presence of shallow impurity states close to the interface leads to 
freezing out of the charge carriers at the interface when the tempera­
ture is reduced. 
To summarize, magneto-optics on semiconductors in high magnetic 
fields is a very exciting topic, and the techniques used are powerful 
tools to study many solid state phenomena as polaron effect, bandstruo­
ture, screening effects, and novel plasma excitations. 
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SAMENVATTING. 
In dit proefschrift hebben we een aantal magneto-optische experimen-
ten beschreven die we aan halfgeleider systemen hebben verricht bij 
sterke magneetvelden en met straling in het verre infrarood, maar bij 
relatief korte golflengtes. Het overgrote deel van dit proefschrift is 
gewijd aan cyclotron resonantie (CR) metingen aan n-GaAs en zogenoemde 
AlGaAs-GaAs heterojuncties. Deze systemen worden bij uitstek gekarak-
teriseerd door de zeer grote mobiliteit van de ladingsdragers, die in 
het geval van n-GaAs een 3-dimensionaal (3I>) electronen gas van lage 
dichtheid vormen, en in het geval van AlGaAs-GaAs een bijna ideaal 2-
dimensionaal (2D) gas met hoge electronen dichtheid. Beide systemen 
zijn een voorbeeld van de halfgeleidende III-V verbindingen, die momen-
teel erg belangrijk zijn met het oog op de vele technologische toepas-
singen. 
Cyclotron resonantie is het proces waarbij electronen worden 
geëïciteerd van het ene Landau niveau naar het eerstvolgend hogere 
niveau onder absorptie van de energie h ν van een ingestraald foton. De 
resonantie treedt op als de overgangsenergie tussen de Landau niveaus 
(hou = eñB/m ) door aanpassing van het aangelegde magnetische veld В 
komt samen te vallen met de energie van de opvallende straling. Voor 
GaAs en AlGaAs-GaAs met hun effectieve massa m = 0.07 m , zou een veld 
o e 
В • 25 Τ overeenkomen met ήω = 40 meV, ongeveer de energie Ä^TQ van het 
longitudinale optische fonon in GaAs. 
Voor het ideale systeem van quasi-vrije electronen en een parabo-
lische band (waarvoor m een constante is) varieert de energie van de 
overgangen tussen de Landau niveaus lineair met het aangelegde magneet-
veld. Maar de bandstructuur van een realistisch systeem is wel wat in-
gewikkelder: koppeling van de verschillende energiebanden leidt daar tot 
afwijkingen van de paraboliciteit; spin-baan koppeling zal de spin ont-
aarding opheffen, en als dan ook door niet-paraboliciteit van de banden 
de overgangen voor de twee spin richtingen een verschil vertonen, zullen 
we een opgesplitst resonantie signaal krijgen voor spin omhoog en spin 
omlaag; de koppeling van de electronen met het optische fonon zal zich 
uiten in een verhoging van de effectieve massa en een hybridisatie van 
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die Landau niveaus die resonant worden met het optische fonon, en de 
energie van de cyclotron resonantie overgang zal dientengevolge naar de 
limiet íidWj. gaan voor de onderste polaronen tak, waarin overgangen van 
de grondtoestand n=0 naar het n=1 Landau niveau plaats vinden onder 
gelijktijdig uitzenden van een longitudinaal optisch fonon. 
Een algemene beschrijving van de experimenten, en enkele experimen-
tele faciliteiten, is gegeven in Hoofdstuk 1 en 2. Hoofdstuk 2 ging 
meer in het bijzonder over de nieuwe aspekten van de moleculaire verre 
infrarood laser die we voor onze cyclotron resonantie metingen hebben 
gebruikt, en we hebben daar een overzicht gegeven van de nieuw ontdekte 
laser lijnen bij korte verre infrarood golflengtes; sommige van die 
lijnen zijn de kortste ooit waargenomen in soortgelijke systemen. 
In Hoofdstuk 3 hebben we onze metingen van de cyclotron resonantie in 
n-GaAs en AlGaAs-GaAs beschreven, en we hebben het effect besproken van 
het niet parabolisch zijn van de energiebanden en van de verhoging van 
de effectieve massa ten gevolge van de hybridisering van de Landau 
niveaus met het optische fonon, het zogenoemde polaron effect. Om te 
beginnen gaven we daar enkele kwalitatieve resultaten van het polaron 
effect in n-GaAs op het impurity cyclotron resonantie signaal (IICR) en 
het cyclotron resonantie signaal van de vrije ladingsdragers (CR). Dit 
was de eerste keer dat cyclotron resonantie werd gemeten bij een energie 
die zo dicht bij de energie ϊΐω,,. van het longitudinale optische fonon 
lag, en de cyclotron resonantie gegevens laten een duidelijk polaron ef­
fect zien. We hebben ook de 3D cyclotron resonantie resultaten, gemeten 
in een bulk kristal n-GaAs, vergeleken met de 2D resultaten, gemeten in 
AlGaAs-GaAs. Met deze meetgegevens kon bestudeerd worden hoe de ver­
groting van de effectieve massa door het polaron effect afhangt van de 
dimensionaliteit. We konden de bijdrage tot de massa vergroting die aan 
het polaron effect moet worden toegeschreven kwantitatief uit onze 
metingen afleiden, en we vonden dat deze massa vergroting kleiner is 
voor het 2D-syteem dan voor 3I1 n-GaAs, maar dat de resonante bijdrage in 
beide systemen ongeveer van de zelfde grootte is. We hebben een polaron 
model ontwikkeld om de overgangsenergie van de cyclotron resonantie te 
berekenen, en dit model kan worden toegepast op zowel het 2-
dimensionale, als het J-dimensionale electron systeem; het model houdt 
rekening met het niet parabolisch zijn van de geleidingsband, met de 
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uitgebreidheid van de electron golffuncties en afscherming (in de 
Thomas-Fermi screening benadering). Ons model is gebaseerd op een 
analyse, waarbij we de correcties voor de afwijkingen van de parabolici-
teit uitvoeren voor we de storingsrekening voor het bepalen van de po-
laron bijdrage verrichten, een procedure die zeer onlangs in de litera-
tuur werd voorgesteld. De zeer goede overeenstemming die we vinden 
tussen deze theorie en onze meetresultaten in het gebied van de 
resonante polaron effecten dicht bij fi(¿V0 geeft een duidelijke aanwijz-
ing dat onze analyse correct is. Ve ontdekten ook dat voor het polaron 
effect in een 2-dimen3ionaal electron gas afscherming een belangrijk ef-
fect is, en we vonden een kwantitatieve overeenstemming tussen de 
gemeten vergroting van de effectieve massa en de theorie, als we een 
afscherming veronderstellen die ongeveer 70% sterker is dan geschat vol-
gens het Thomas-Fermi model. 
In Hoofdstuk 4 hebben we de opsplitsing van de cyclotron resonantie 
signalen besproken, die in n-GaAs gemeten werd aan (spin behoudende) 
overgangen tussen de Landau niveaus voor de twee richtingen van de elec-
tron spin omhoog en omlaag. Ve ontdekten, dat deze opsplitsing niet van 
de electron-fonon interactie afhangt, en dat dus polaron effecten de 
grootte van deze opsplitsing niet beïnvloeden. De opsplitsing 
tengevolge van de spin kan dus direct vergeleken worden met k»p 
bandatructuur berekeningen. Ve hebben een uitstekende overeenstemming 
gevonden van de door ons gemeten opsplitsing in GaAs met een meer uitge-
breid 5-band k-p model. 
In Hoofdstuk 5 tenslotte, hebben we een combinatie van cyclotron 
resonantie metingen met de bepaling van transport eigenschappen 
beschreven: een onderzoek aan CR en Shubnikov-De Haas oscillaties in een 
(n-n) AlGaAs-GaAs heterojunctie. Ve vonden dat door ondiepe potentiaal-
putten op verontreinigingen die dicht bij de interface zaten, de la-
dingsdragers aan die interface bij lagere temperaturen uitvriezen. 
Samenvattend kunnen we nog zeggen dat raagneto-optische experimenten 
in sterke magneetvelden verricht aan halfgeleiders een zeer boeiend ge-
bied is, en dat de gebruikte technieken een zeer krachtig gereedschap 
vormen om vele vaste stof fenomenen te bestuderen, zoals polaron effec-
ten, band structuur, screening, en nieuwe plasma excitaties. 
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ZUSAMMENFASSUNG. 
In dieser Doktorarbeit präsentierten wir magneto-optische Experimente 
an Halbleitersystemen ausgeführt in hohen Magnetfeldern unter Benützung 
von Licht mit Wellenlänge im fernen Infrarot. 
Ein grosser Teil dieser Arbeit behandelt Zyklotronresonanz (CR) Experi-
mente an n-GaAs und AlGaAs-GaAs Grenzflächen, zwei Halbleitersysteme mit 
Ladungsträgern von aussergewöhnlich hoher Beweglichkeit, jedoch unter-
schiedlicher Art. Die Ladungsträger in n-GaAs bilden ein im Raum homo-
gen ausgedehntes Elektronengas von kleiner Dichte; im AlGaAs-GaAs System 
befinden sich die Ladungsträger nahe bei der Grenzfläche und bilden d crt 
ein nahezu ideales 2-аітепзіопа1ез (2D) Elektronengas von hoher Dichte. 
n-GaAs und AlGaAs-GaAs sind typische III-V Verbindungen, die zur Her­
stellung von äusserst schnellen elektronischen Schaltungen verwendet 
werden können. 
Zyklotronresonanz ist gleichbedeutend mit Strahlungsübergängen 
zwischen Landau-Niveaus, wobei die einfallenden Photonen das Ener-
giequant hv an die Elektronen abgeben. Ist hv gleich der ïïbergangs-
energie Τιω • eíiB/m*, gegeben durch die Stärke des angelegten Magnet-
felds В und der effektiven Masse ra* dann tritt Resonanz auf. Für die 
Leitungselektronen in GaAs und AlGaAs-GaAs, wo m* = 0.07 m , entspricht 
ein Feld von 25 Τ einer Ubergangsenergie ίιω = 40 meV; dies ist 
annähernd die Energie Ъы.. des optischen Phonons in GaAs. 
Der angegebene lineare Zusammenhang zwischen Landau-Niveau 
Ubergangsenergie und Magnetfeld ,Ьы • efiB/m*, wobei m* unabhängig ist 
von der Energie beziehungsweise vom Feld, gilt nur für die Zyklotron-
resonanz des idealen, quasi-freien Elektronensystems mit parabolischer 
Bandstruktur. Die Bandstruktur eines realen Halbleiters ist jedoch kom-
plizierter: die Wechselwirkung der Energiebänder führt zu zu einer 
Störung der parabolischen Bandstruktur; die Spin-Bahn Wechselwirkung 
hebt die Spin-Entartung auf, und, weil die Bänder nicht parabolisch 
sind, hängt die Landau-Niveau Ubergangsenergie von der Spin-Orientierung 
ab. Wir zeigten, dass demzufolge in GaAs das Spin-up und Spin-down 
Zyklotronresonanzsignal getrennt wahrgenommen werden kann. Die Wechsel-
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Wirkung der Elektronen mit den optischen Phononen äussert sich in einer 
Erhöhung der effektiven Masse und in der Hybridisierung derjenigen 
Landau-Niveaus, die durch den Austausch virtueller optischer Phononen in 
einen Resonanzzustand kommen. Man findet, für Übergänge vom untersten 
zum ersten Landau-Niveau des unteren, hybridisierten Polaron-Zweiges, 
dass die Zyklotronresonanzenergie bei stets zunehmendem Magnetfeld dem 
Grenzwert Ьш.^ . zustrebt. 
Im ersten und zweiten Kapital ist eine allgemeine Beschreibung der 
Experimente und der verwendeten Messinstrumente zu finden. Die neuen 
Aspekte unseres molecular FIR-Lasers, die Lichtquelle die zur Messung 
der Zyklotronresonanz benützt wurde, sind eingehend im zweiten Kapitel 
beschrieben. Es wurde eine Liste von durch uns gefundenen Laserlinien 
mit Wellenlänge im kurzen FIR präsentiert. Einige dieser Laserlinien 
haben kürzere Wellenlänge, als die in vergleichbaren Systemen bisher 
gefundenen Linien. 
Im dritten Kapitel beschrieben wir unsere Messungen der Zyklotron-
resonanz an n-GaAs and AlGaAs-GaAs, und ermittelten die Effekte des 
Nicht-parabolisch-Seins der Energiebänder und behandelten den Polaronef-
fekt. Die Erhöhung der effektiven Masse bei hohem Magnetfeld konnte 
einwandfrei der Hybridisierung der Landau-Niveaus mit dem optischen Pho-
non zugeschrieben werden. Zuerst wurde qualitativ, der Einfluss des Po-
larons in GaAs auf "Impurity induced"-Zyklotronre3onanz und der Zyklo-
tronresonanz der Leitungsbandelectronen beschrieben. In diesem Experi-
ment, wurde zum ersten Mal die Zyklotronresonanz gemessen bei einer 
Energie von nahezu derjenigen des longitudinalen optischen Phonons. 
Ebenso verglichen wir die 3-dimensionalen Zyklotronresonanz Ergebnisse, 
ganessen in n-GaAs, mit den 2-dimensionalen Ergebnissen, gemessen in 
AlGaAs-GaAs. Aus diesen Messungen konnte die dimensionalitäts Abhän-
gigkeit der Polaronmasse quantitativ bestimmt werden. Es ergab sich, 
dass in 2D Systemen die Polaronmasse leichter ist als im 3D n-GaAs, die 
resonanten Beiträge zur Erhöhung der Masse jedoch sind in beiden Syste-
men von gleicher Grössenordnung. Es wurde ein Polaronmodel zur Be-
rechnung der Zyklotronresonanz Ubergangsenergien entwickelt, das sowohl 
für das 2D als auch für das 3D Elektronensystem angewendet werden kann. 
Das Model berücksichtigt die effektive Krümmung des Leitungsbandes, die 
Ausgestrecktheit der Elektronenwellenfunktionen der Elektronen im 
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AlGaAs-GaAs System, und berücksichtigt schliesslich Abschirmung in der 
sogenannten Thomas-Fermi Näherung. Unser Model basiert auf einer 
Analyse wobei der Einfluss von nicht parabolischen Bändern auch in der 
Berechnung des Polaroneffekts mit einbezogen wurde, eine Methode, die 
erst kürzlich in der Literatur vorgestellt worden ist. Die gute 
Übereinstimmung der Berechnungen mit unseren Messergebnissen im Ener-
giegebiet des resonanten Polarons (hv = ^ Шгп) gibt einen deutlichen 
Hinweis für die Richtigkeit unserer Analyse. Im weiteren erwies sich, 
dass der Polaroneffekt im 2D Elektronensystem durch Abschirmung stark 
vermindert wird. Um eine gute Übereinstimmung mit der gemessenen Po-
laronmasse zu erhalten, musste eine um 70% stärkere Abschirmung, als 
berechnet aus der Thoraas-Fermi Näherung, angenommen werden. 
Im vierten Kapital wird die Aufspaltung der Zyklotronresonanz bespro-
chen, die in n-GaAs an Spin erhaltenden Übergängen, zwischen Landau-
Niveaus der zwei Spin-Orientierungen up und down, gemessen wurden. Es 
zeigte sich, dass diese Aufspaltung nicht von der Elektronen-Phononen 
Wechselwirkung abhängt, und dass der Polaroneffekt somit keinen Einfluss 
auf die Grösse der Aufspaltung hat. Die Spin-Aufspaltung der Zyklotron-
resonanz kann deshalb unmittelbar mit k»p Bandstruktur-Berechnungen ver-
glichen werden. Es wurde eine ausgezeichnete Übereinstimmung zwischen 
unseren Messungen in GaAs und einer sehr ausführlichen 5-Band κ·ρ 
Berechnung gefunden. 
Schliesslich, im fünften Kapitel, werden Zyklotronresonanz Messungen 
beschrieben, die in Kombination mit Messungen der Transport-
Eigenschaften ausgewertet wurden. Wir untersuchten die Zyklotron-
resonanz und die Shubnikov-de Haas Oszillationen in (n-n) AlGaAs-GaAs 
Grenzflächen. Dabei stellte es sich heraus, dass wegen einer Vielzahl 
von Donatoren nahe der Kontaktgrenze die Eandschicht-Ladungstrager beim 
Abkühlen einfrieren. 
Zusammengefasst kann festgestellt werden, dass magneto-optische Ex-
perinente an Halbleitern in hohen Magnetfeldern ein faszinierendes Thema 
darstellt, und die benützten experimentellen Methoden sich als sehr 
brauchbar erweisen für die Erforschung vieler Phänomeme der 
Festkörperphysik, sowie des Polaroneffekts, der Bandstruktur, der 
Abschirmung, und von neuartigen Plasma-Schwingungen. 
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Stellingen 
I 
Gegeven de juiste randvoorwaarden (harde tip en zacht preparaat) is de 
"scanning-tunneling-microscope" bij uitstek geschikt voor het bestuderen 
van zowel de radius op Angstrom schaal als de morfologie van de 
puntelectrode. 
II 
Het gebruik van de door H. Bluyssen et al. beschreven methode om de 
absorptie coëfficiënt uit de gemeten transmissie data te berekenen, is 
ten onrechte, omdat bij cyclotronresonantie metingen in de Faraday 
konfiguratie uitsluitend licht dat linksdraaiend gepolariseerd is, 
geabsorbeerd wordt. 
H.J.A. Bluyssen, J.C. Maan and P. Wyder, 
Solid State Comm. 2L> 465 (1979). 
III 
Recente berekeningen van de magnon dispersiecurven in vast a-zuurstof, 
doen sterk vermoeden dat de 78 cm Raman-band naast het in de 
literatuur gesuggereerde twee-libron en libron-magnon karakter, 
tenminste ook twee-magnon karakter bezit. 
K. Kobashi, M.L. Klein and V. Chandrasekharan, 
J. Chem. Phys. 71» 843 (1979). 
R.J. Meier, J.H.P. Colpa and H. Sigg, 
J. Phys. C: Solid State Phys. Г7· 4 5 0 1 a r d ^ 0 7 0984). 
IV 
Be verzadiging van de weerstand van een aluminium preparaat met een 
uitsteeksel als functie van de lengte van dat uitsteeksel bij constant 
magnetisch veld, is equivalent met de verzadiging van de weerstand van 
een aluminium preparaat met een gat van vaste afmetingen als functie van 
de sterkte van het magnetisch veld. 
A.P.van Gelder, to be published. 
G.J.CL.Bruis, doctoral thesis. 
ν 
De theoretische analyse van A. Tselis et al. ( O , laat zien dat in een 
ideaal superrooster, d.w.z. een reeks van nauw op elkaar volgende lagen 
bezet met electronen die alleen in het vlak kunnen bewegen, geen helicon 
achtige plaamaresonanties kunnen voorkomen. Experimenteel echter, zijn 
heliconresonanties in InAs - GaSb superroosters met hoge 
electronendichtheid waargenomen (2). Er zijn aanwijzingen dat een 
verbeterde theoretische analyse, waarbij rekening is gehouden met de 
bezetting van meerdere energieniveaus (2D - sublevéis), de aanwezigheid 
van deze resonanties zou kunnen verklaren. 
(1) A. Tselis, G. Gouzales de la Cruz and J.J. Quinn, 
Solid State Camm. 47, 43 (1983). 
(2) J.C. Maan, M. Altarelli, H. Sigg, P. Wyder, L.L. Chang and L. Esaki, 
Surface Science Γ13., 347 (1982). 
VI 
De veronderstelling dat de anomale ver-infrarood transmissie van 
granulaire metaalfilms verklaard kan worden met behulp van een simpel 
Drude model berust op een misverstand. 
D.E.Karechi, R.E.Pena and S.Perkowitz, Phys.Rev.B 25 , 1565 (1979). 
S.W.McKnight, B.L.Bean and S.Perkowitz, Phys.Rev.B J_9 , 1437 (1979). 
D.R.Karechi, G.L.Carr, S.Perkowitz, D.Ü.Gubser and S.A.Wolf, Phys.Rev.B 
27 , 5460 (1983). 
VII 
De aanwezigheid van gaten in zowel p-type GaAs als in Zwitserse kaas 
zegt niets over de eetbaarheid van halfgeleiders, noch over het teken 
van de Hall-spanning in zuivelprodukten. 


